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Abstract
Protein and nucleic acid molecules exhibit a range of motions that occur on various time scales and
distances including large conformational changes involved in the formation of folded structures and local
rearrangements where intramolecular and/or intermolecular interactions confer biological function.
Because of their unique advantages, spectroscopic techniques based on measurement of molecular
vibrations and fluorescence emissions have played a key role in studying the structure-dynamics-function
relationship of biological molecules. However, intrinsic spectroscopic signals of this kind often lack the
desired localization to interrogate a particular region or interaction of interest. Recently, small
spectroscopic probe molecules which are sensitive to their local environment have become increasingly
popular to investigate biological processes in a site-specific manner. Furthermore, relatively minor
alterations to such molecules—including isotopic substitution and the position or identity of functional
groups—can have a profound effect on their spectroscopic properties and, by extension, their usefulness.
In this thesis, we investigate a number of biologically-relevant infrared probes and their variants in order
to further expand their utility; we also implement fluorescence spectroscopic techniques to investigate a
putative inhibitor of amyloid aggregation. First, using a set of four isotopomers of the unnatural amino
acid p-cyano-phenylalanine, we show that a small change in the reduced mass of the nitrile oscillator has
significant effects on both the infrared absorption frequency and the vibrational relaxation process. This
characterization improves their value as very similar yet non-degenerate vibrational labels which can be
introduced at multiple locations simultaneously while maintaining site-specificity and allowing for energy
transfer or coupling experiments. Second, we harness the phenomenon of Fermi resonance in the infrared
probe molecules 4-cyanoindole and cyclopentanone as a convenient indicator of hydrogen-bonding
status of the nitrile and carbonyl functional groups. Furthermore, we investigate the dependence of the
NO stretching vibrations of N-methyl-5-nitroindole on solvent polarity; this model molecule exhibits
potential as an infrared probe of hydration in nucleic acids when implemented as an unnatural but
universal base. Finally, we apply several spectroscopic techniques including fluorescence correlation
spectroscopy to study a common neurological amino acid and its ability to prevent and disrupt the
aggregation of amyloid-beta.

Degree Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Graduate Group
Chemistry

First Advisor
Feng Gai

Subject Categories
Biochemistry | Physical Chemistry

This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/2803

DEVELOPMENT, CHARACTERIZATION, AND APPLICATION OF
BIOLOGICAL SPECTROSCOPIC PROBES
Jeffrey Michael Rodgers
A DISSERTATION
in
Chemistry
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
2018

Supervisor of Dissertation
________________________
Dr. Feng Gai
Edmund J. and Louise W. Kahn Endowed Term Professor of Chemistry

Graduate Group Chairperson
________________________
Dr. Gary A. Molander
Hirschmann-Makineni Professor of Chemistry

Dissertation Committee
Dr. Tobias Baumgart (chair), Professor of Chemistry, Graduate Chair
Dr. Jessica M. Anna, Assistant Professor of Chemistry
Dr. Ivan J. Dmochowski, Professor of Chemistry

DEVELOPMENT, CHARACTERIZATION, AND APPLICATION OF BIOLOGICAL
SPECTROSCOPIC PROBES

COPYRIGHT
2018
Jeffrey Michael Rodgers

This work is licensed under the
Creative Commons AttributionNonCommercial-ShareAlike 3.0
License

To view a copy of this license, visit
https://creativecommons.org/licenses/by-nc-sa/3.0/us/

DEDICATION

To my family, for always believing in me.

iii

ACKNOWLEDGMENTS
Over the past few years at Penn, I feel have grown immensely not only in terms of
my scientific and academic achievements, but also in terms of my self-confidence and
well-roundedness as an individual. I feel prepared to take on any future tasks in my
scientific career, equipped with the skills and experiences I developed in my time here.
Throughout this challenging endeavor, I know that my perseverance has only been
possible through the support of many people; the age-old adage “it takes a village to raise
a child” certainly applies to these formative years, even if I am well beyond the age of a
child. I wish to thank my supervisor Professor Feng Gai who has been a source of
inspiration and support and has helped me to hone my experimental and writing skills.
Over the years, I have felt a transformation into feeling more and more like a colleague
and less like a student. Last fall, I had the pleasure of being able to teach alongside
Professor Gai for an all-freshman section of General Chemistry. I am very grateful for all
of his patient guidance in research, writing, and teaching.
I would like to thank my committee members, present and past members of the
Gai lab, and collaborative researchers. My dissertation committee members: Professors
Tobias Baumgart, Jessica Anna, and Ivan Dmochowski, have always expressed genuine
interest in my research activities, and their constructive comments during my committee
meeting presentations has helped to shape my skills as an independent research scientist.
I would like to sincerely thank the current Gai lab members: Ismail Ahmed, Debopreeti
Mukherjee, Arusha Acharyya, and Christina Eng, and former group members: Dr. Natalia
Rubstova, Dr. Bei Ding, Dr. Patrick Walsh, Dr. Wenkai Zhang, Dr. Rachel Abaskharon,
iv

Dr. Mary Rose Hilaire, Dr. Chun-Wei Lin, and Dr. Beatrice Markiewicz. This group of
scientists is extremely talented and intelligent, but also kind and supportive, which made
it a pleasure and an honor to work in this research group. I would especially like to
recognize Dr. Chun-Wei Lin and Dr. Beatrice Markiewicz for their patience in training
me in many of the experimental and computational techniques used in my research.
Furthermore, Dr. Tom Troxler and Dr. Jianxin Chen have provided excellent advice and
experimental support in learning ultrafast spectroscopic techniques.
My research has included collaborative projects with highly skilled scientists
including Professor Douglas Smith, Dr. Kevin Browne, Dr. Jean-Pierre Dolle, and
Professor Scott Brewer; I wish to thank them for their hard work and helpful discussions
leading to successful scientific research projects. Due to the success of one particular
collaboration, I have been offered and have accepted the opportunity to work as a
postdoctoral researcher with Professor Smith’s research group at the Center for Brain
Injury and Repair at Penn’s School of Medicine; I would like to humbly thank Professor
Smith for believing in my research skills, and I am looking forward to the opportunity to
apply these skills to important medical issues.
In addition to my research in graduate school, I have had the wonderful
opportunity to be a teaching assistant for General Chemistry lecture and lab courses with
Professors Feng Gai, Andrew Rappe, and Jenine Maeyer. I would like to thank these
professors as well as all of the students I taught; I highly value these experiences which
have inspired me to continue concentrated efforts toward being a professor myself in the
future.
v

Last, but certainly not least, I wish to thank my family and friends for their
support during these years. My fiancée, Allison Bishop, has been an undying source of
strength for me throughout this time; I feel I could not have done this without her
cheering me on. I am forever grateful for my parents, Jane and Robert Rodgers, and my
sister Melissa Rodgers who have always encouraged me to put my best effort into
everything I do and to never give up. I wish to thank my best friend and fellow musician
Nate Maruso for helping me to keep my sanity throughout all the ups and downs of
graduate school and for giving me an outlet to develop my cello and guitar performance
skills. Finally, since I know I have not been exhaustive in this list, I would like to thank
all other friends, family, teachers, and everyone else who has helped me in any way to
reach this milestone.

vi

ABSTRACT

DEVELOPMENT, CHARACTERIZATION, AND APPLICATION OF BIOLOGICAL
SPECTROSCOPIC PROBES
Jeffrey Michael Rodgers
Feng Gai

Protein and nucleic acid molecules exhibit a range of motions that occur on various time
scales and distances including large conformational changes involved in the formation of
folded structures and local rearrangements where intramolecular and/or intermolecular
interactions confer biological function. Because of their unique advantages, spectroscopic
techniques based on measurement of molecular vibrations and fluorescence emissions
have played a key role in studying the structure-dynamics-function relationship of
biological molecules. However, intrinsic spectroscopic signals of this kind often lack the
desired localization to interrogate a particular region or interaction of interest. Recently,
small spectroscopic probe molecules which are sensitive to their local environment have
become increasingly popular to investigate biological processes in a site-specific manner.
Furthermore, relatively minor alterations to such molecules—including isotopic
substitution and the position or identity of functional groups—can have a profound effect
on their spectroscopic properties and, by extension, their usefulness. In this thesis, we
investigate a number of biologically-relevant infrared probes and their variants in order to
further expand their utility; we also implement fluorescence spectroscopic techniques to
vii

investigate a putative inhibitor of amyloid aggregation. First, using a set of four
isotopomers of the unnatural amino acid p-cyano-phenylalanine, we show that a small
change in the reduced mass of the nitrile oscillator has significant effects on both the
infrared

absorption

frequency

and

the

vibrational

relaxation

process.

This

characterization improves their value as very similar yet non-degenerate vibrational
labels which can be introduced at multiple locations simultaneously while maintaining
site-specificity and allowing for energy transfer or coupling experiments. Second, we
harness the phenomenon of Fermi resonance in the infrared probe molecules 4cyanoindole and cyclopentanone as a convenient indicator of hydrogen-bonding status of
the nitrile and carbonyl functional groups. Furthermore, we investigate the dependence of
the NO stretching vibrations of N-methyl-5-nitroindole on solvent polarity; this model
molecule exhibits potential as an infrared probe of hydration in nucleic acids when
implemented as an unnatural but universal base. Finally, we apply several spectroscopic
techniques including fluorescence correlation spectroscopy to study a common
neurological amino acid and its ability to prevent and disrupt the aggregation of amyloidbeta.
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1
1.1

Introduction
Using Light as a Tool to Investigate Biological Structures and Processes

Interactions with various wavelengths of light have been exploited to assess the structure
and dynamics of biomolecules. The absorption and emission of ultraviolet and visible
light, particularly in fluorescence spectroscopic and imaging techniques, has become
invaluable in the study of biology. Proteins with intrinsic fluorescence properties such as
green fluorescent protein (GFP), yellow fluorescent protein (YFP), and related molecules
can be genetically encoded to label various parts of a cell for localization studies.
However, the large size of such labels can have a large impact on the function and
structure

of

the

biomolecules

being

investigated.1

Recent

advancements

in

instrumentation have allowed for single-molecule spectroscopic studies;2 for example the
process of Forster resonance energy transfer (FRET) harnesses the interaction of
fluorophores to measure their separation distance and track the motions of proteins and
nucleic acids.3 The time-resolved techniques of fluorescence lifetime and fluorescence
correlation spectroscopy have seen wide use in biological applications.4,5
X-ray scattering6–8 and NMR9,10 techniques are popular to obtain structural
information on biological systems with high spatial resolution. The number of available
structures in the protein data bank has grown exponentially in the past two decades, with
the total number of available structures in the RCSB PDB reaching 137,000 in 2017.11
Furthermore, the implementation of cryogenic receiver temperatures for NMR has
significantly improved the signal-to-noise ratio and has allowed for the study of lowconcentration (~1 mM) solutions of proteins.12 While the static information contained in
1

these experiments is highly valuable for the study of biological structures, they are
lacking in the level of dynamics they can obtain. Furthermore, these approaches are not
ideal for intrinsically disordered proteins, those that have transient structures, or those
that do not readily form crystalline structures.
Infrared (IR) light is absorbed by all chemical bonds, and their vibrations are
modulated by their local surroundings; the dynamics of molecular vibrations occur on the
picosecond timescale. The structures of proteins and nucleic acids lead to characteristic
absorptions in the mid-IR spectrum according to their conformation. Thus, IR
spectroscopy is well suited to investigate the biological environment and has widely been
used in both in vitro and in vivo applications. The vibrations of the protein backbone and
side chains, and of the DNA and RNA phosphate backbone and base pairs are sensitive to
their conformation and interactions with solvent and other biomolecules.13–18
While the intrinsic spectroscopic signals of proteins and nucleic acids can provide
global information about the conformation and dynamics, they lack the ability to probe
the environment at a single location within a biomolecule. Recently, there have been
many applications which represent the success of site-specific probes in IR spectroscopic
studies to elucidate the particulars of biological processes. For example, drug binding,19,20
amyloid fibril formation,21 membrane proteins,22 and eletrostatics23 have all been studied
in detail using site-specific infrared probes. Additionally, IR probe molecules have been
shown to be genetically encoded to allow for extrinsic probes to give site-specific
information by expression in large proteins, or for cellular applications.24

2

1.2

Desirable Characteristics of Site-Specific Probes

There are a number of qualities for a molecule to be considered a useful spectroscopic
probe. Principally, the absorption of light must be significant so that the signal of interest
can be resolved above the background absorptions of the solvent, other biological
materials, and indeed other parts of the molecule itself. In other words, the vibrational or
electronic transition must have a reasonably high extinction coefficient.
In addition to having a strong transition to be resolvable to produce useful spectra,
a spectroscopic probe should have a relatively simple spectroscopic transition. If the
vibrational or electronic transition of a probe molecule is highly coupled to other parts of
the molecule, the spectrum can be become overly complicated with many bands and may
no longer be localized enough to act as a site-specific marker. Spectroscopic probe
molecules must be sensitive in some way to a local environmental factor, such as
hydrogen bonding, electrostatic field, or pH. The change of one or more of such factors
must manifest as a change in intensity, frequency position, peak width, or other spectral
feature which can be quantified and tracked. In the best cases, i.e. the most sensitive
probes, the spectral change observed is large compared to the environmental change
experienced by the probe.
An additional quality that is desired for site-specific spectroscopic probes is a
small size. In contrast to fluorescent proteins or dye molecules which can have extreme
effects on the system of interest in terms of limiting structural flexibility, biological
probes can often be comprised of an isotopic substitution or a small functional group with

3

a distinct vibrational frequency, leading to a smaller perturbative effect on the native
structure and function.

1.3

Thesis Overview

The overarching theme of this thesis is the development of new, further characterization
of existing, and application of spectroscopic probes and techniques for biological
problems. The research herein seeks to expand the available tools for biochemists and
physical chemists to assess the local environment inside proteins and nucleic acids in a
site-specific manner. These projects are incremental efforts toward the full understanding
of the physical phenomena which modulate the spectral signatures of these biological
probes.
In Chapter 4, we employ the strategy of isotope substitution to investigate the
vibrational relaxation mechanism of p-cyanophenylalanine. Varying the reduced mass of
an oscillator via isotopic substitution provides a convenient means to alter its vibrational
frequency and hence has found wide applications. Herein, we show that this method can
also help delineate the vibrational relaxation mechanism, using four isotopomers of the
unnatural amino acid p-cyano-phenylalanine (Phe-CN) as models. We find that an
empirical relationship that considers the effective reduced mass of CN can accurately
account for the observed frequency gaps, while the vibrational lifetime distribution,
which suggests an intramolecular relaxation mechanism, can be rationalized by the orderspecific density of states near the CN stretching frequency.

4

In Chapter 5, we investigate the phenomenon of Fermi resonance in two infrared
probe molecules, cyclopentanone and 4-cyanoindole. The C=O/C≡N stretching vibration
arising from a carbonyl/nitrile functional group in various molecular systems has been
frequently used to assess, for example, local hydrogen-bonding interactions, among other
applications. However, in practice it is not always easy to ascertain whether the carbonyl
or nitrile group in question is engaged in such interactions. In this work, we use 4cyanoindole and cyclopentanone as models to show that, when a fundamental C=O or
C≡N stretching mode is involved in Fermi resonance, the underlying vibrational coupling
constant (W) is a convenient reporter of the hydrogen-bonding status of the corresponding
carbonyl or nitrile group. Specifically, we find that for both groups a W value of 7.7 cm-1
or greater is indicative of their involvement in hydrogen-bonding interactions.
Furthermore, we find that, as observed in similar studies, the Fermi resonance coupling
leads to quantum beats in the two-dimensional infrared spectra of 4-cyanoindole in
isopropanol, with a period of about 1.9 ps.
In Chapter 6, we explore the model compound N-methyl-5-nitroindole (NM5I) as
an infrared probe of local electric field in a solvent variation and molecular dynamics
simulation study. The vibrational stark effect has been used extensively as a method of
determining the local environment around a vibrational probe of interest. Furthermore,
the influence of electrostatic interactions is vital to the conformational changes of nucleic
acids; it is desirable to investigate the local changes in such forces via the use of a sitespecific probe molecule. While the unnatural nucleotide based on the base 5-nitroindole
has seen use in the biochemistry community as a universally pairing base, the IR
5

absorption of its nitro stretching mode has not been fully investigated as a vibrational
probe. In this work, we demonstrate the sensitivity of the center frequency of the
symmetric stretching mode of NM5I as an indicator of solvent interactions by measuring
the vibrational spectrum in a number of protic and aprotic solvents and determining the
electric field through molecular dynamics situations.
In Chapter 7, we apply a fluorescence spectroscopic technique to investigate the
inhibition of amyloid fibril formation by N-acetylaspartate (NAA), an abundant amino
acid in neurons. Although NAA has long been recognized as the most abundant amino
acid in neurons by far, its primary role has remained a mystery. Based on its structure, we
explored the potential of NAA to modulate aggregation of amyloid-beta (Aβ) peptide 142 via multiple corroborating methods. Thioflavin-T fluorescence aggregation assays
demonstrated that at physiological concentrations, NAA substantially inhibited the
initiation of Aβ fibril formation. In addition, NAA added after 25 minutes of Aβ
aggregation was shown to break up preformed fibrils. Electron microscopy analysis
confirmed the absence of mature fibrils following NAA treatment. Furthermore,
fluorescence correlation spectroscopy and dynamic light scattering measurements
confirmed significant reductions in Aβ fibril hydrodynamic radius following treatment
with NAA. These results suggest that physiological levels of NAA could play an
important role in controlling Aβ aggregation in vivo where they are both found in the
same neuronal compartments.

6

2
2.1

Theory
Spectroscopic Lineshapes

Spectroscopic lineshapes are encountered the quantum mechanical description of a twolevel system. We can consider the time-dependent Schrödinger equation,
𝜕
𝑖
̂ (𝑡)|𝜓(𝑡)⟩
|𝜓(𝑡)⟩ = − 𝐻
𝜕𝑡
ℏ

(2.1)

|𝜓(𝑡)⟩ = ∑ 𝑐𝑎 (𝑡)|𝑎⟩

(2.2)

with molecular wavefunctions

𝑎

with 𝑐𝑎 being the probability amplitude of occupying state a. In the case of the dipole
operator 𝜇̂ , the expectation value is
〈𝜇̂ 〉 = ⟨𝜓(𝑡)|𝜇̂ |𝜓(𝑡)⟩ = ∑ 𝑐𝑏 ∗ (𝑡)𝑐𝑎 (𝑡)𝜇𝑏𝑎

(2.3)

𝑎𝑏

The density matrix 𝜌𝑎𝑏 = 𝑐𝑎 𝑐𝑏 ∗ represents the probability of finding the particle in a
given state. However, the time evolution of the density matrix, which is of importance for
molecular spectroscopy, is shown by the Liouville-von Neumann equation,25
𝜕
𝑖
̂ (𝑡), 𝜌(𝑡)]
𝜌(𝑡) = − [𝐻
𝜕𝑡
ℏ

(2.4)

Furthermore, if we consider the transition of a single particle between states 0 and 1, the
̂ (𝑡) as
density matrix 𝜌01 (𝑡) can be written in the eigenbasis of 𝐻
𝜕
𝜌 (𝑡) = −𝑖𝜔01 (𝑡)𝜌01 (𝑡)
𝜕𝑡 01
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(2.5)

with 𝜔01 (𝑡) being the frequency of the transition. Integration of Eq. 2.5 with respect to
time yields
𝑡

𝜌01 (𝑡) = 𝜌01 (0)∙exp (−𝑖 ∫ 𝜔01 (𝜏)𝑑𝜏)

(2.6)

0

This expression indicates an oscillation of the off-diagonal matrix elements around an
average value; upon considering an ensemble average, these oscillations become out of
phase and vary in time according to homogeneous and inhomogeneous dynamics. We can
define the time-dependent transition frequency as
𝜔01 (𝑡) = 𝜔01 + 𝛿𝜔01 (𝑡)

(2.7)

where 𝜔01 is the average transition frequency and 𝛿𝜔01 (𝑡) represents the time dependent
fluctuations. We can now rewrite Eq. 2.5 accordingly,
𝑡

𝜌01 (𝑡) ∝ exp(−𝑖 𝜔01 𝑡) ∙ 〈exp (−𝑖 ∫ 𝛿𝜔01 (𝜏)𝑑𝜏)〉

(2.8)

0

We can express the second exponential term in powers of 𝛿𝜔01 (𝑡) using the cumulant
expansion method25
𝑡

〈exp (−𝑖 ∫ 𝛿𝜔01 (𝜏)𝑑𝜏)〉
0
𝑡

𝑡 𝑡

(2.9)

1
= 1 − 𝑖 ∫〈𝛿𝜔01 (𝜏)〉𝑑𝜏 − ∫ ∫〈𝛿𝜔01 (𝜏1 )𝛿𝜔01 (𝜏2 )〉𝑑𝜏1 𝑑𝜏2 + ⋯
2
0

0 0

For the linear term, 〈𝛿𝜔01 (𝜏)〉 = 0 by definition, so we are left with the lineshape
function

8

𝑡 𝑡

1
𝑔(𝑡) = ∫ ∫〈𝛿𝜔01 (𝜏1 )𝛿𝜔01 (𝜏2 )〉𝑑𝜏1 𝑑𝜏2
2

(2.10)

0 0

as the higher order terms do not contribute significantly to the fluctuations within a
Gaussian distribution. The function 𝑔(𝑡) is symmetric in time, so we can rewrite it as
𝑡 𝜏1

1
𝑔(𝑡) = ∫ ∫ 〈𝛿𝜔01 (𝜏2 )𝛿𝜔01 (0)〉𝑑𝜏1 𝑑𝜏2
2

(2.11)

0 0

where 〈𝛿𝜔01 (𝜏2 )𝛿𝜔01 (0)〉 is known as the frequency frequency correlation function
(FFCF). Since the correlation between the frequency at time 0 does not immediately
vanish (this would result in a delta function), according to the treatment of Kubo, the
FFCF can be written in terms of a correlation time 𝜏𝑐 and amplitude of fluctuation Δ as
follows,
〈𝛿𝜔01 (𝜏2 )𝛿𝜔01 (0)〉 = Δ2 exp (−

|𝑡|
)
𝜏𝑐

(2.12)

By integrating Eq. 2.12 twice we can rewrite the lineshape function as,
𝑔(𝑡) = Δ2 𝜏𝑐 2 [exp (−

𝑡
𝑡
) + − 1]
𝜏𝑐
𝜏𝑐

(2.13)

We can consider two limits in this description, the homogenous limit where frequency
fluctuations are very fast (Δ𝜏𝑐 ≪ 1) or the inhomogenous limit where the fluctuations are
slow (Δ𝜏𝑐 ≫ 1).
In the homogeneous limit, 𝑔(𝑡) is simplified to only the second term as the
exponential will be 0. Thus, if we define 𝑇2 = (Δ2 𝜏𝑐 )−1, then the linear absorption
spectrum is

9

𝐴(𝜔) ∝

1/𝑇2
(𝜔 − 𝜔01 )2 + (1/𝑇2 )2

(2.14)

which is a Lorentzian centered at 𝜔01 with width 1/𝑇2 .
In the inhomogeneous limit, the FFCF is approximately Δ2, meaning that the
lineshape function simplifies to 𝑔(𝑡) =

Δ2 2
𝑡 ,
2

and the absorption spectrum becomes

(𝜔 − 𝜔01 )2
𝐴(𝜔) ∝ exp (−
)
2Δ2

(2.15)

which is a Gaussian centered at 𝜔01 with width Δ.

2.2

Vibrational Relaxation Pathways

The most common picture of molecular vibrations includes their organization into normal
modes, which can all be individually modelled as harmonic oscillators. A more accurate
picture, however, includes anharmonic coupling which distorts the vibrational behavior
from the idealized situation. The coupling of vibrational modes leads to interesting
spectral features, including the broadening and splitting of absorption bands.
Furthermore, the dynamics of vibrational relaxation from an excited state are governed
by the coupling between the vibrational modes. The primary starting point to
understanding such processes is known as Fermi’s golden rule which can be obtained
using time-dependent perturbation theory.
We begin by considering a system governed by a Hamiltonian of the form
̂=𝐻
̂0 + 𝐻
̂′
𝐻

10

(2.16)

̂0 is the unperturbed Hamiltonian for which there are known eigenfunctions 𝜓𝑛
where 𝐻
such that
̂0 𝜓𝑛 = 𝐸𝑛 𝜓𝑛
𝐻

(2.17)

̂ ′ is the time-dependent perturbation (coupling). If we express the solutions as a
and 𝐻
̂0 but with time-dependent coefficients
sum of the eigenstates of 𝐻
𝜓(𝑡) = ∑ 𝑎𝑛 (𝑡) 𝜓𝑛 𝑒 −𝑖𝐸𝑛𝑡/ℏ

(2.18)

𝑛

By substitution into Eq. 2.1, we obtain
𝑖ℏ

𝑑
̂ ′ (𝑡)|𝜓𝑛 ⟩𝑎𝑛 (𝑡) 𝑒 −𝑖𝜔𝑘𝑛𝑡
𝑎 (𝑡) = ∑⟨𝜓𝑘 |𝐻
𝑑𝑡 𝑘

(2.19)

𝑛

where 𝜔𝑘𝑛 = (𝐸𝑘 − 𝐸𝑛 )/ℏ.
In the case where a continuum of states exist, and we assume that the system is
initially in state 𝑚, we can invoke a perturbative expansion to the first order to obtain
𝑡

̂ ′ (𝜏)|𝜓𝑚 ⟩𝑒 −𝑖𝜔𝑘𝑚 𝜏
𝑖ℏ𝑎𝑘 (1) (𝑡) = ∫ 𝑑𝜏 ⟨𝜓𝑘 |𝐻

(2.20)

−∞

We now assume that the perturbation it turned on at 𝑡 = 0 and remains constant from
0 ≤ 𝜏 ≤ 𝑡. Thus, we integrate Eq. 2.20 to give
̂ ′ (𝑡)|𝜓𝑚 ⟩𝑒 𝑖𝜔𝑘𝑚 𝑡/2 (
𝑖ℏ𝑎𝑘 (1) (𝑡) ≈ ⟨𝜓𝑘 |𝐻

sin(𝜔𝑘𝑚 𝑡/2)
)
𝜔𝑘𝑚

The probability that the transition occurs between state m and state k is
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(2.21)

2

̂ ′ (𝑡)|𝜓𝑚 ⟩| sin2 (𝜔𝑘𝑚 𝑡/2)
4|⟨𝜓𝑘 |𝐻
(𝑡)
|𝑎
𝑃𝑘
= 𝑘 (𝑡)| ≈
(
)
ℏ2
𝜔𝑘𝑚 2
2

(2.22)

The mean rate for this transition is given by 𝛾𝑘 = 𝑃𝑘 (𝑡)/𝑡. We consider that there will be
some number of states 𝑑𝑛 within a frequency interval 𝑑𝜔𝑘𝑚 . Thus, the number of
possible transition states is
𝑑𝑛 = 𝜌(𝑘)𝑑𝐸𝑘

(2.23)

where 𝜌(𝑘) = 𝑑𝑛/𝑑𝐸𝑘 is the density of states per energy unit near 𝐸𝑘 . We wish to obtain
the total transition rate Γ𝑘 to all states near state k
Γ𝑘 =

1
∑ 𝑃 ′ (𝑡)
𝑡 ′ 𝑘

(2.24)

𝑘

We can replace this summation with an integral over the region around 𝐸𝑘
∞

4
1 sin2 (𝜔𝑡/2)
2
′
̂
|𝐻
⟩|
Γ𝑘 = |⟨𝜓𝑘 (𝑡)|𝜓𝑚
∫ 𝑑𝜔 (
)
ℏ
𝑡
𝜔2

(2.25)

−∞

The final integral has value of 𝜋/2, so we arrive at the final expression of Fermi’s golden
rule
Γ𝑘 =

2𝜋
̂ ′ (𝑡)|𝜓𝑚 ⟩|2 𝜌(𝑘)
|⟨𝜓𝑘 |𝐻
ℏ

(2.26)

Thus, the rate of relaxation from a coupled excited state relies on the coupling strength
and the density of nearby states.
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3
3.1

Methods
Infrared Spectroscopy

Infrared (IR) spectroscopy is a widely used technique for the study of biological systems
as the signal arises from vibrations which are sensitive to the chemical makeup and
structure of molecules. Furthermore, this technique can provide temporal resolution on
the same order as many processes in protein and nucleic acid folding.16 The frequencies
of most fundamental molecular vibrations lie in the mid-IR region (200 – 4000 cm-1).
Due to large number and variety of functional groups and environments found in proteins
and nucleic acids, this region can become congested with a large number of absorbance
bands, overtones, and couplings, resulting in very complex spectra. The vibrational
modes of water also absorb strongly in the mid-IR region, necessitating the use of D2O in
many IR experiments. Despite these challenges, protein secondary structural information
can be gleaned from the use of IR spectroscopy, particularly from the use of the amide I
absorption band.
Its large extinction coefficient and sensitivity to its local environment make the
amide I vibrational mode of the protein backbone a useful intrinsic probe of protein
structure. This global vibration includes contributions from each amide unit, primarily
from C=O stretching. The frequency and width of the vibration is affected by hydrogenbonding interactions and transition dipole coupling, thus allowing its use as a probe of
secondary structure.17 When a region of a protein forms an α-helix, the amide I center
frequency appears at 1652 cm-1. Antiparallel β-sheets manifest themselves with two
peaks in the amide I spectrum at 1630 cm-1 and 1690 cm-1, with the second being of
13

smaller intensity and arising as a result of exciton coupling. Parallel β-sheet secondary
structures tend to exhibit a single peak at 1620 cm-1. Lastly, in randomly coiled or
disordered protein, the exposure of the C=O oscillator to water leads to a broad
absorption band at 1650 cm-1 due to inhomogeneous broadening as each unit is in a
different microenvironment. Below, we explore several experimental techniques used to
assess the structure and dynamics of biomolecules using IR light.

3.1.1

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a popular technique to obtain static
information of a system. A broadband source of incoherent infrared radiation is directed
to a Michelson interferometer where a beamsplitter sends 50% of the light to each of two
mirrors, one fixed and one movable. After traveling through both legs of the
interferometer, the beams are recombined and passed through the sample and onto a
detector. Upon varying the difference between the fixed and moving legs of the
Michelson interferometer, also called the Optical Path Difference (OPD), the output
exhibits constructive and destructive interference which modulates the transmission of
different frequencies onto the sample. An interferogram is created as a function of the
moving mirror position and is at maximum intensity when the OPD is zero. The spectrum
as a function of 𝜔 is obtained using the inverse Fourier transform of the interferogram as
follows:
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∞

𝐴(𝜔) = ∫ 𝐼(𝑥)cos( 2𝜋𝜔𝑥)𝑑𝑥

(3.1)

−∞

where 𝐼(𝑥) is intensity the interferometric signal as a function of 𝑥, the OPD, and 𝜔 is
the IR frequency.
For each FTIR measurement presented in this thesis, a solvent spectrum was
collected along with the sample for the purpose of background subtraction. The sample
cell was constructed with two side-by-side compartments allowing for background and
sample measurements using the same Teflon spacer determining the path length. CaF2
windows are typically used due to their low absorbance in the mid-IR region.

3.1.2

Ultrafast IR Spectroscopy—Pump Probe and 2D-IR

With the advent of ultrafast lasers with pulse lengths on the order of ~100 fs, timeresolved IR spectroscopy has become a useful tool to elucidate the dynamics of
vibrational transitions and to improve spectral resolution. These methods rely on the
conversion of visible lasers to the mid-IR region. This is performed by first converting
the 800 nm output of an ultrafast Ti:Sapphire amplifier with a 1 kHz repetition rate into
signal and idler beams in the near-IR (~1400 and ~1900 nm) using a home-built optical
parametric amplifier (OPA). The signal and idler are converted to a mid-IR wavelength
(4-6 μm) using a difference frequency generator (DFG).
In the case of transient absorption or pump-probe spectroscopy, the resultant midIR beam is split into two portions: pump (~95% of power) and probe (~5% of power),
and both beams are then focused into a liquid sample, with the spot size for the probe
15

beam smaller than that of the pump beam. The probe beam is dispersed with a
monochromator onto an MCT array detector. The timing between pump and probe pulses
is controlled using an optical delay line. By collecting the difference spectrum between
the probe beam with and without the pump beam (with the use of an optical chopper
synchronized to the Ti:Sapphire oscillator), we obtain a spectrum representing the excited
state absorption (12), ground state bleach (01), and stimulated emission (10)
transitions of the vibrational mode of interest. Scanning through various delay times
between the two pulses allows us to obtain the characteristic vibrational lifetime of a
given probe.
To obtain a two dimensional infrared (2D IR) spectrum, the mid-IR output from
the DFG is instead split into four pulses, three of which are directed into the sample cell
in a boxcar geometry, and the fourth which is used as a local oscillator. The first pulse
places the molecules in a coherent state between the ground and first excited vibrational
state, which is converted to a population by the second pulse. The time between the first
two pulses is called the coherence time. The time after the two pump pulses is known as
the waiting time, after which the third pulse is introduced to generate a final coherence. A
photon echo signal is emitted containing information about which frequencies remain
after the waiting time. The photon echo signal is heterodyned with the local oscillator
pulse (which allows the frequency and phase of the signal to be detected) and dispersed
with a monochromator onto an MCT array detector. The resultant frequency-time data is
converted into frequency-frequency domain using a Fourier transform operation over the
coherence time. The collection of 2D spectra at various waiting times allows the
16

observation of spectral diffusion as the vibrational frequencies evolve from
inhomogenous broadened distributions at early waiting times into a homogenous
distribution. Furthermore, coupling between vibrational modes manifests itself in 2D IR
spectra as off-diagonal peaks which can yield further information about the structure and
dynamics of a system.

3.2

Fluorescence Correlation Spectroscopy

The diffusion coefficient of a particle can be used as a probe of its size and/or
conformation. This can be accomplished by attaching a fluorophore to a protein of
interest and comparing it to a dye with a known diffusion coefficient. Specifically, the
fluorescence correlation spectroscopy (FCS) instrument is based on a confocal
microscopy setup where a continuous-wave laser is used as an excitation source for the
fluorescent probe. After the emission is collected by the microscope objective, it is sent
through a 100 μm pinhole before reaching the detector. The pinhole allows the emission
only from fluorophores within a small confocal volume of ~1 femtoliter to be selectively
collected. An intensity trace is recorded which is autocorrelated by the following
equation:
𝐺(𝜏) =

〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉
〈𝐼(𝑡)〉2

(3.2)

where 𝐼(𝑡) is the fluorescence intensity.
When a single diffusing species is present, the resulting autocorrelation function
𝐺(𝜏) can be fit with the equation
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1
2

𝐺(𝜏) =

1
1
1
(
) (
𝜏
𝜏 )
𝑁 1+
1
+
𝜏𝐷
𝜔 2 𝜏𝐷

(3.3)

where N is the number of diffusing species, 𝜏𝐷 is the characteristic diffusion time, and
𝜔 = 𝜔𝑧 /𝜔𝑥𝑦 is the axial to lateral dimension ratio of the confocal volume. The diffusion
coefficient D is calculated from 𝜔𝑥𝑦 and 𝜏𝐷 by the equation
𝜔𝑥𝑦 2
𝐷=
4𝜏𝐷

(3.4)

To convert diffusion times into diffusion coefficients, the axial component 𝜔𝑥𝑦 is
determined by a standard with a known diffusion coefficient. Moreover, if components
are assumed to be spherical, the hydrodynamic radius 𝑅ℎ can be determined by
𝑅ℎ =

𝑘𝐵 𝑇
6𝜋𝜂𝐷

(3.5)

where 𝑘𝐵 is the Boltzmann constant, T is the absolute temperature, and 𝜂 is the solvent
viscosity.
In the context of polydisperse systems such as amyloid aggregates, it is not
convenient to fit to a defined number of diffusing species with particular diffusion times.
One method for analysing FCS data for polydisperse systems is the maximum entropy
method (MEM). First, the system is considered to have n different diffusing species, each
with characteristic diffusion time 𝜏𝐷𝑖 and amplitude 𝑎𝑖 . The autocorrelation function is
constructed similar to Eq. 3.3 as follows:

18

𝑛

𝐺(𝜏) = ∑ 𝑎𝑖 (
𝑖=1

1

1
2

1
𝜏 ) (
𝜏 )
1+𝜏
1+ 2
𝜔 𝜏𝐷𝑖
𝐷𝑖

(3.6)

In addition to minimizing the 𝜒 2 value between the fit equation and the data, the
following entropy equation is also maximized:
𝑛

𝑆 = − ∑ 𝑝𝑖 ln 𝑝𝑖

(3.7)

𝑖=1

where 𝑝𝑖 =

𝑎𝑖
26
⁄∑ 𝑎 . The resultant distribution of 𝑎𝑖 versus diffusion times 𝜏𝐷𝑖 reports
𝑖 𝑖

on the relative abundance of various-sized diffusing particles in a highly heterogeneous
system.
3.3

Site-Specific Spectroscopic Probes

Probe molecules which report on the local environment inside a protein or nucleic acid
have a number of advantages. The amide I vibrational mode of peptide backbone includes
contributions from every amino acid and thus provides a global picture of the protein
secondary structure. However, localizing a particular vibrational mode in a region of
interest provides the advantage of gleaning structural and dynamics information with sitespecificity.27 In the case of IR spectroscopy, an ideal probe would have an absorption
frequency in an uncongested region of the IR spectrum and have a high enough extinction
coefficient for a signal to be resolved at low concentrations. Furthermore, the vibrational
mode must be sensitive to some environmental factor such as solvent interactions or
electric field.
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Isotope substitution has been widely used as a method of converting the amide I
backbone vibration into a site-specific label. By replacing a

12

C=16O group with either

13

C=16O or 13C=18O, the vibrational frequency of this amide unit is red-shifted and hence

decoupled from the rest of the amide I modes, providing a site-specific and
nonperturbative vibrational label.21,28,29 A similar strategy has been utilized to shift the
vibrational frequency of the asymmetric stretching mode of aspartate to study dynamics
inside a protein.30
In addition to isotope editing strategies, the addition of small functional groups
onto amino acid sidechains has also seen wide use to gain site-specific information from
IR probes. There are several functional groups currently in use including, but not limited
to azide (e.g. p-azidomethylphenylalanine31 and β-azidoalanine32), nitrile (e.g. 5cyanotryptophan33,34 and p-cyanophenylalanine35), carbonyl (e.g. aspartic acid 4-methyl
ester and glutamic acid 5-methyl ester36), cyanate (e.g. phenyl cyanate37) and thiocyanate
(e.g. cyanocysteine38 and p-tolylthiocyanate39). These unnatural amino acids have been
shown to be easily incorporated into the protein system and to be minimally perturbative
to its native structure. Furthermore, as the vibrational frequencies of these probes lies
outside the backbone absorption region, allowing their signals to be easily resolved.
Hydrogen bonding plays a critical role in the structure and function of proteins
and nucleic acids. While the formation of backbone-backbone hydrogen bonds is a key
determinant in the secondary structure of proteins, it has also been shown that the
hydrogen bonding behavior between proteins and water differs significantly from that of
bulk water.40,41 In contrast to the extended hydrogen bonding network in bulk water, the
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introduction of a biomolecule, particularly with hydrophobic regions, can interrupt
favorable hydrogen bonding interactions. Furthermore, the structure and function of
nucleic acids are both critically dependent on hydrogen bonding between base pairs.42
The dynamics of hydrogen bond formation occur on the picosecond timescale; as such IR
spectroscopy is an ideal tool for the analysis of this ubiquitous phenomenon.43 Sitespecific IR probes allow for the interrogation of hydrogen bonding in a particular region
of interest.
Site-specific IR probes have shown promise in the study of electrostatic fields.
Charge separation leads to a variety of non-covalent interactions in biological systems;
the nature of such charge separations and their variations have a direct effect on the
function and structure of biomolecules.44–46 Thus, it is useful to develop spectroscopic
techniques which probe the local electric field of proteins and nucleic acids. Modulation
of the local electric field near a vibrational probe can manifest itself in the IR spectrum
via the vibrational Stark effect. The frequency of the oscillator is shifted by the presence
of the electric field according to the following equation:
𝐸 = ℎ𝑐𝜈 = −𝐹⃗ ∙ 𝜇⃗

(3.8)

where E is the energy of the vibrational transition, h is Planck’s constant, c is the speed of
light, 𝜈 is the vibrational frequency, 𝐹⃗ is the vector of the electric field, and 𝜇⃗ is the Stark
tuning rate, which determines the strength of the interaction.47 While the carbonyl and
nitrile vibrational probes have recently been used in such applications,48,49 the nitro
functional group may also serve as a sensitive reporter of local electric field.
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4

Kinetic Isotope Effect Provides Insight into the Vibrational
Relaxation Mechanism of Aromatic Molecules: Application to
Cyano-phenylalanine

4.1
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4.2

Introduction

Isotopic substitution is a widely used technique in vibrational spectroscopy to 1) identify
the nature of a vibrational mode in question, 2) shift the vibrational frequency of interest
to a different position, 3) enhance/break vibrational couplings, and 4) provide a sitespecific vibrational probe. For example, the strategy of selectively labeling individual
amide carbonyl groups, using either

13

C=16O or

13

C=18O, has found many novel

applications in elucidating the structure, dynamics and functions of proteins.29,51–64 More
recently, isotopic substitution has been shown to affect the nature of chemical bonds, 65
indicating that this small perturbation may have more profound effects than previously
thought. An important, while much less pursued, application of isotopic labeling is to
facilitate the study and understanding of the mechanism of vibrational energy relaxation
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in the condensed phase.66 Vibrational energy transfer or redistribution is ubiquitous in
chemistry, and thus has been extensively studied. While we now know a great deal about
this process, especially in small and isolated molecules in the gas phase67 and a handful
cases in the condensed phase, such as ion clusters,68 a comprehensive, predictive, and
quantitative understanding of how it occurs is still lacking. Herein, we show, using pcyano-phenylalanine (referred hereafter to as Phe-CN, Figure 4.1) as an example, that
insight into the vibrational relaxation mechanism of the molecule of interest can be
obtained by investigating the vibrational relaxation dynamics of a series of isotopomers.
We chose Phe-CN as our model system because 1) its CN stretching vibration is a useful
site-specific infrared (IR) probe of proteins,35 2) Fayer and coworkers have shown that
the CN vibrational lifetime of benzonitrile is shorter than that of its naturally abundant
13

CN isotopomer,69 and 3) it is relatively straightforward to synthesize the four CN

isotopomers of Phe-CN,70 wherein the mass of the C (N) atom is ether 12 (14) or 13 (15).
An additional goal of this study is to identify which one of these CN variants has the
longest vibrational lifetime, as in certain applications the vibrational lifetime determines
the detection time window of the measurement. For simplicity, the four CN isotopomers
are hereafter referred to as 1 (Phe-12C14N), 2 (Phe-12C15N), 3 (Phe-13C14N), and 4 (Phe13 15

C N).
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4.3

Experimental Details

4.3.1

Static and Time-Resolved IR Measurements

Phe-12C14N was purchased from Chem-Impex (Wood Dale, IL) and used as received.
Other Phe-CN isotopomers were synthesized via previously published methods.70 All
samples were prepared by directly dissolving the desired Phe-CN isotopomers in acidic
(HCl) H2O solution at pH 2 with final concentrations of ~100 mM. All static IR
measurements were carried out on a Thermo Nicolet 6700 FTIR spectrometer at a
resolution of 1 cm-1. For the spectra shown in Figure 4.1, a solvent background spectrum
has been subtracted. Within experimental error, the nitrile extinction coefficients of the
three isotopomers (2-4) were determined to be the same as the previously reported value
for Phe-12C14N.27 IR pump-probe data were obtained using a transient absorption
spectrometer derived from a previously described 2D-IR setup.57 Briefly, the local
oscillator and one of the three pump beams were blocked; one of the remaining two
beams was used as the pump, and the other was attenuated and directed to the
monochromator to act as the probe. The polarization of the probe was set at the magic
angle with respect to that of the pump, and the polarizer was placed after the focusing
lens in order to avoid depolarization effects that would potentially distort the vibrational
lifetime measurement.71 For both the static and time-resolved measurements, the sample
solution was placed between two 2 mm CaF2 windows separated by either a 37 or 56 μm
spacer.
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4.3.2

Temperature-Dependence of the CN Stretching Vibration of Phe-CN

FTIR spectra of a ~100 mM solution of Phe-12C14N in water were obtained at several
temperatures between 25 and 50 ºC. As shown in the left panel of Figure 4.2, the center
frequency (CN) of the nitrile stretching band exhibits a small but detectable dependence
on temperature. More importantly, the difference spectrum (right panel) between those
obtained at 37 and 25 ºC is similar to the long-lived transient spectral component.

4.3.3

Gaussian Calculations

Using the software package Gaussian 09,4 fundamental harmonic frequencies were
calculated for the four isotopomers of p-cyano-phenylalanine (Phe-CN) and of ptolunitrile (Tol-CN), both at the B3LYP level of theory using the 6-31+G(d,p) orbital
basis set, and the solvation effects of water were included with the polarizable conductor
calculation model (C-PCM). Resulting vibrational frequencies were scaled by a factor of
0.9632 in accordance with Irikura et al.5 The scaled frequencies for Tol-CN are reported
in Table 4.1, and classified as nitrile, phenyl, methyl, or global if the majority of the
displacement occurred in those regions of the molecule. The global classification is used
to indicate modes that show an appreciable dependence of the CN reduced mass, as
shown in Figure 4.3. The calculated values of density of states for coupling order 2
through 12 are given in Table 4.2.
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4.4

Results and Discussion

4.4.1

Static FTIR Spectral Analysis of Phe-CN Isotopomers

As shown (Figure 4.1 and Table 4.3), the CN stretching frequencies of these Phe-CN
isotopomers in water were found to be centered at 2236.7 ± 0.5 (1), 2210.1 ± 0.5 (2),
2183.5 ± 0.5 (3), and 2156.1 ± 0.5 cm-1 (4). This presents an interesting trend as it cannot
be readily explained by the change of the apparent reduced mass of the CN oscillator
(Table 4.3). For example, the apparent CN reduced mass of 2 is almost identical to that of
3, yet their vibrational frequencies differ by approximately 27 cm-1. In fact, when the
mass of the C or N atom is changed each time, the CN stretching frequency is varied by
almost a constant value (i.e., 27 cm-1).
To better understand this trend, we performed normal mode frequency calculations using
Gaussian72 on 1-4. As shown (Table 4.3), the calculated CN stretching frequencies
accurately capture the frequency variation arising from each isotopic substitution. Upon
further inspection, it became clear that the CN stretching vibration is not a pure local
mode consisting of displacements of only the C and N atoms, but also involves small
displacements of the phenyl carbon atoms, especially the one bound to the nitrile group.
To account for this effect, Gaussian employs a weighted reduced mass approach, which
includes contributions from all atoms displaced during the CN vibration in the frequency
calculations.
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4.4.2

Effective Reduced Mass Calculation

Inspired by the approach used by Gaussian, we sought to develop a simple empirical
relationship that, in the absence of quantum mechanical calculations, can be used to
predict the vibrational frequency change arising from an isotopic substitution. The
working hypothesis was that when a diatomic oscillator, A-B, is covalently linked to a
third atom (D) to form a linear D-A-B structure, the effective masses of A and B (me,A
and me,B) will be different from their respective atomic masses (i.e., mA and mB) and can
be calculated using the following equations:
me, A

mA
 mA 
mA  mD

me, B

2

r 
mA
  1   mA 
mA  mD
 r1 

mA  mB
 mB 
mA  mB  mD

r r 
  1 2 
 r1 

(4.1)

2

(4.2)

where r1 and r2 are the equilibrium bond lengths of D-A and A-B bonds. These equations
include weighting effects on atoms A and B resulting from their covalent attachment to
one another and to atom D. The effective mass of atom A is reduced due to a dampening
effect from atom D, and the effective mass of B is increased with a weighting including
contributions from both atoms A and B. In addition, we assumed that the frequency of a
specific isotopically labeled A-B variant (i) can be predicted from that of the nonlabeled molecule (0) using the harmonic frequency relationship, namely,

i 0
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e,0
 e, i

,

(4.3)

where e,0 and e,i are the corresponding effective reduced masses calculated based on the
effective masses of A and B. As indicated (Table 4.3), this empirical method does an
excellent job in predicting the CN stretching frequencies of the other three Phe-CN
isotopomers using the experimentally determined frequency of Phe-12C14N. To further
substantiate the validity of the empirical model, we use it to predict the change in the
nitrile stretching frequency of SCN and CH3CN upon isotopic substitution. For SCN,
the nitrile stretching frequency73 and the bond lengths74 are: 2064 cm-1, 1.689 Å (S-C),
and 1.149 Å (C-N), respectively. Using these parameters and the aforementioned method,
the nitrile stretching frequencies of S12C15N, S13C14N, and S13C15N are calculated to be
2035, 2017, and 1988 cm-1, which are in excellent agreement with their corresponding
experimental values73,75 (i.e., 2038, 2015, and 1991 cm-1). As reported by Binev and
coworkers,76 the nitrile stretching frequencies of CH3-12C14N and CH3-12C15N are 2049.0
and 2222.4 cm-1, respectively, in water. In addition, the C-C and C-N bond lengths are
1.458 and 1.157 Å.77 Using the traditional reduced mass equation, the nitrile stretching
frequency of CH3-12C15N is determined to be 2214 cm-1. However, when using the
effective reduced mass method, the frequency is predicted to be 2221 cm-1, resulting in a
much closer agreement with the experimental value. In addition, we performed a more
stringent test of this method by applying it to calculate the nitrile stretching frequency of
SeCN, based on that of SCN. We chose these molecules because the electronegativity
(2.58) of Se is similar to that (2.55) of S and hence, the difference in their nitrile
stretching frequencies is expected, based on the current empirical model, to arise largely
from the difference in the masses of Se and S. Indeed, the predicted nitrile stretching
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frequency of SeCN, 2075 cm-1, exactly matches the experimental value determined by
Zheng and coworkers.78 Thus, taken together, these examples demonstrate the
applicability and usefulness of the proposed empirical method.

4.4.3

Time Resolved Infrared Measurements

To explore the effect of the CN reduced mass (CN) on the vibrational relaxation
dynamics of Phe-CN, we performed IR pump-probe measurements on 1-4 under the
magic angle polarization condition with the polarizer correctly positioned.71 As shown
(Figure 4.4), the time-resolved spectra clearly reveal the existence of at least four
distinguishable spectral features, with one pair (i.e., a negative-going band plus a
positive-going band) decaying away in less than 20 ps and the other persisting for more
than the longest delay time used (i.e., 60 ps). Based on the signal strength and position,
we believe that the short-lived features report on the relaxation dynamics of the
vibrationally excited state of the CN oscillator. On the other hand, the long-lived spectral
features could arise from either a thermal effect79 or a dark state.34 In the case of our
samples, the solvent (water) has a high absorbance at the IR pump wavelength. Thus, we
tentatively assign this long-lived spectral pair to a thermal effect, i.e., the temperatureinduced shift of the CN stretching vibrational band. As shown (Figure 4.2), this
assignment is consistent with the temperature dependence of the CN vibrational mode.
To accurately capture the vibrational relaxation dynamics, a representative frequency
within the excited state absorption spectrum was chosen, and the corresponding kinetic
trace from 0.5 to 20 ps was fit to a single-exponential function with an offset
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(corresponding to the residual signal of the long-lived thermal component). As shown
(Figure 4.5), the fits in all cases are satisfactory and the resultant time constants indicate
that the CN vibrational relaxation dynamics of 1-4 vary with CN in a non-monotonic
manner. In particular, the longer vibrational lifetime (7.9 ± 0.5 ps) of 4 (i.e., Phe-13C15N)
makes it more useful in applications, such as two-dimensional IR measurements,
whereby the CN vibration is used to probe the fluctuation dynamics of its environment.
The unusual dependence of the CN vibrational lifetime of Phe-CN on CN warrants
further exploration. Water can form hydrogen bonds with the CN group, which, in
principle, could assist in the direct vibrational energy relaxation to solvent. In the current
case, however, the different nitrile vibrational lifetimes cannot be attributed to this (or
any other intermolecular vibrational energy transfer) mechanism as the isotopic
substitutions are not expected to change the electronic potential of the CN group or the
molecule. In other words, these differences most likely result from a change in the
intramolecular vibrational relaxation (IVR) rate in response to an isotopic substitution.
An indirect, but substantial, piece of evidence that corroborates this notion is that the
vibrational lifetime of the nitrile stretching mode of R-SeCN is much longer than that of
R-SCN,80 although their vibrational frequencies only differ by a few wavenumbers.

4.4.4

Intramolecular Vibrational Relaxation Mechanism

The mechanism of IVR has been extensively studied in the past, both experimentally and
theoretically.81–118 A convenient framework to describe vibrational energy flow in a large
molecule is to organize the available vibrational states into tiers, wherein the initially
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prepared vibrational state will transfer its energy, through anharmonic couplings, to states
in the first tier, and the subsequent, sequential tier-to-tier energy transfers eventually lead
to energy equilibration in the system. For example, using an ultrafast technique
combining Raman probe and IR pump, Dlott and coworkers119 were able to show that the
vibrational relaxation dynamics of liquid benzene following excitation of the C-H (or CD for benzene-d6) stretching mode occurs in a three-tiered fashion, and that isotopic
substitution can have a significant effect on the tier structure. Similarly, the study of Crim
and coworkers120 on the vibrational relaxation mechanism of methylene iodide (CH2I2)
indicated that the IVR process of the fundamental C-H stretching vibration likely
includes contributions from two paths: a primary state-specific relaxation pathway
involving a few strongly coupled states with low coupling orders, and a minor pathway
involving many weakly-coupled states with higher coupling orders. However, when the
C-H stretching overtone transitions were excited (3000-9000 cm-1), they showed that
states with lower order couplings (less than 8) were primarily responsible for the IVR
process.121 For a high-frequency oscillator that is covalently attached to an aromatic
parent molecule, the mechanism of vibrational energy transfer is potentially even more
complicated. In a more recent study involving nitrobenzene and o-methylnitrobenzene,
Dlott and coworkers122 found that the flow of vibrational energy between the NO
stretching and phenyl ring modes is unidirectional and dependent on the structure of the
ring, proceeding only from NO2-to-ring in nitrobenzene and only from ring-to-NO2 in omethylnitrobenzene. A computational study by Leitner and coworkers123 indicated that
the experimentally determined IVR rates of these systems can be qualitatively explained
31

by considering only low-order anharmonic interactions. Furthermore, in cases where the
intramolecular coupling is weak, a change in the apparent reduced mass of a highfrequency oscillator via isotopic substitution is expected to have a much less effect on its
vibrational relaxation rate, as observed for the CO stretching mode of several
metalloporphyrin-CO complexes.124,125 Thus, in the context of these previous studies and
findings, our results are not only interesting, but also present a unique opportunity to
yield new insight into the mechanism of vibrational relaxation in complex molecules.
To provide a qualitative but plausible interpretation of the non-monotonic dependence of
the nitrile vibrational lifetime of Phe-CN on CN, we performed harmonic frequency
calculations using Gaussian on the four isotopomers of the sidechain of Phe-CN, using ptolunitrile (hereafter referred to as Tol-CN) as a model. As expected (Table 4.1), the
harmonic frequencies of the 42 normal modes of Tol-CN are distributed in a wide
spectral region. Moreover, besides the CN stretching vibration, 10 low frequency modes
also exhibit a significant dependence on CN (Figure 4.3). Those vibrations, the
frequencies of which are red-shifted by at least 0.25% from the corresponding Tol-12C14N
frequencies, are considered to be mechanically coupled to the CN stretching mode and,
hence, could play a specific role in assisting its vibrational relaxation. To test this
possibility, we calculated, using those specific states for each Tol-CN isotopomer, the
number of combination and overtone states that have a frequency located within a 50 cm1

region around the corresponding nitrile stretching frequency. Specifically, we used a

recursive computational algorithm to identify and count the combination and overtone
states that meet this requirement, wherein the number of vibrational quanta used for the
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combination is referred to as the coupling order.121 For example, when considering a total
of 5 states (i.e., n1n2n3n4n5 ) and a coupling order of 3, the following combinations will
be evaluated: 30000 , 03000 , 00300 ,..., 10200 ,..., 00111 . As indicated (Table 4.4),
we found that the numbers thus determined by including only the aforementioned 10
mechanically coupled states for the four Tol-CN isotopomers do not yield a trend, at least
for coupling orders of 2-12, that matches that observed for the CN vibrational lifetimes of
the Phe-CN isotopomers, suggesting that those mechanically coupled vibrations are not
primarily responsible for the relaxation of the CN mode. Additionally, we repeated this
calculation using those modes that are significantly coupled to the CN stretching
vibration, identified via anharmonicity calculation with Gaussian. As shown (Table 4.5),
the results obtained with 9 normal modes of Tol-12C14N, which all have an anharmonic
coupling constant with the CN stretching mode of greater than 1 cm-1, also suggest that
the IVR process in the current case is controlled by a few specific vibrational modes.
Further analysis of the Tol-CN isotopomer combination and overtone states revealed that
the order-specific density of states around the CN frequency may be the underlying cause
for the observed difference among the vibrational relaxation dynamics of the four PheCN isotopomers. Using the 34 normal modes that have a lower energy than that of the
CN stretching vibration, we first calculated the total number of states (combination and
overtone) with frequencies lying in a ± 25 cm-1 window around the calculated CN
stretching frequency for each isotopomer, and then used this number to determine the
density of states in this 50 cm-1 region. As indicated (Figure 4.6), lower order
combinations (i.e., those involving 3-5 quanta) exhibit a relatively constant density over
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the four isotopomers, but increasing the number of quanta used to produce the
combination states to 6 and above begins to reveal a distinct trend: the highest density of
states for Tol-12C15N, moderately increased density for Tol-13C14N, and a decreased
density of states for Tol-13C15N, in comparison to that of Tol-12C14N. This trend coincides
with the non-monotonic reduced-mass dependence of the CN vibrational lifetime of PheCN, suggesting that the vibrational energy initially relaxes through many nearby, weakly
coupled combination states rather than through a few strongly coupled modes. It is worth
noting that the low-frequency methyl torsion vibration (ν1, 29 cm-1) of Tol-CN, which
contributes to the calculated density of states, does not exist in Phe-CN. Thus, to further
validate the conclusions reached above, we carried out similar calculations on the four
Phe-CN isotopomers. In this case, there are 55 modes that have a lower frequency than
that of the CN stretching vibration and are used in the calculation of all possible
combination and overtone states for a specific coupling order. As shown (Table 4.6), the
same non-monotonic trend begins to emerge at a coupling order of 6, thus supporting the
above assessment. Despite this agreement, however, we caution that this calculation
alone does not definitively rule out the possibility of a tiered vibrational relaxation
process. It remains plausible that low-order anharmonic interactions are at least partly
implicated in the CN vibrational relaxation process,126 and the low accuracy of the low
frequency modes generated by Gaussian could lead to significant error in the higher order
combination states. For example, a 10% increase in the vibrational frequency of the
methyl torsion mode of the Tol-CN isotopomers would result in a trend (Table 4.7) that is
different from that shown in Figure 4.6. In spite of these potential pitfalls, we believe that
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the isotopic approach presented here provides a useful strategy to facilitate the study and
understanding of one of the most important phenomenon in chemistry, vibrational energy
relaxation.

4.5

Conclusions

In summary, we assessed the nitrile stretching frequencies and vibrational lifetimes of
four CN isotopomers of an unnatural amino acid, Phe-CN, in aqueous solution. The
primary goal was to understand how a change in the reduced mass, via isotopic
substitution, of a high-frequency oscillator that is covalently attached to an aromatic
molecule affects its vibrational frequency and energy relaxation dynamics. Since isotopic
substitutions do not alter the electronic potential of the molecule of interest and hence its
interactions with the solvent, the resultant changes in the vibrational properties of the
oscillator in question can be understood from its interactions with other vibrational
degrees of freedom of the system. Interestingly, the nitrile stretching frequencies of the
four Phe-CN isotopomers were found to be approximately evenly spaced, with each
isotopic substitution decreasing the vibrational frequency by ~27 cm-1 in the order of
Phe-12C14N, Phe-12C15N, Phe-13C14N, and Phe-13C15N. This result indicated that due to
the covalent connection to a third atom, the reduced mass of the nitrile group, calculated
based only on the apparent masses of the constituent atoms, becomes a less accurate
predictor of its vibrational frequency. To solve this problem, we proposed an empirical
equation to calculate the effective masses of these atoms and hence the effective reduced
mass of the oscillator. For both Phe-CN and SCN, we found that the effective reduced
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masses thus calculated can accurately predict the vibrational frequency of CN
isotopomers based on the frequency of the respective -12C14N variant. Furthermore, our
results showed that the excited-state decay kinetics of the four Phe-CN isotopomers
follow a non-monotonic trend, with Phe-13C15N having the longest vibrational lifetime
(i.e., 7.9 ps), which suggests an intramolecular vibrational relaxation mechanism wherein
the underlying dynamics are controlled by the density of low frequency states.
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Mode

Classification

ν42
ν41
ν40
ν39
ν38
ν37
ν36
ν35
ν34
ν33
ν32
ν31
ν30
ν29
ν28
ν27
ν26
ν25
ν24
ν23
ν22
ν21
ν20
ν19
ν18
ν17
ν16
ν15
ν14
ν13
ν12
ν11
ν10
ν9
ν8
ν7
ν6
ν5
ν4
ν3
ν2
ν1

phenyl
phenyl
phenyl
phenyl
phenyl
methyl
methyl
nitrile
phenyl
phenyl
phenyl
methyl
methyl
phenyl
methyl
phenyl
phenyl
phenyl
phenyl
phenyl
phenyl
methyl
phenyl
methyl
phenyl
phenyl
phenyl
global
global
global
global
global
global
global
global
global
phenyl
global
global
global
global
methyl

TolC14N
3099.2
3097.9
3076.7
3076.1
3015.7
2987.3
2927.7
2230.3
1590.1
1542.3
1484.5
1428.3
1426.1
1385.4
1361.1
1293.4
1283.6
1189.7
1177.9
1157.2
1102.1
1020.6
996.3
973.9
954.6
940.1
819.4
801.6
796.6
689.5
665.1
634.6
545.0
544.0
435.3
398.8
395.1
332.5
239.8
149.0
97.7
28.9
12

TolC15N
3099.2
3097.9
3076.7
3076.1
3015.7
2987.3
2927.7
2202.3
1590.0
1542.3
1484.2
1428.3
1426.1
1385.4
1361.1
1293.4
1283.6
1189.3
1176.1
1156.1
1102.1
1020.6
996.3
973.9
954.6
940.1
819.4
801.4
796.0
689.4
662.0
634.5
544.0
543.1
434.6
395.3
395.1
332.3
239.0
146.5
96.6
28.9
12

TolC14N
3099.2
3097.9
3076.7
3076.1
3015.7
2987.3
2927.7
2177.3
1590.1
1542.2
1484.4
1428.3
1426.0
1385.2
1361.1
1293.4
1283.4
1189.7
1177.6
1156.9
1102.0
1020.6
996.3
973.9
954.6
940.0
819.4
801.2
796.2
689.3
663.1
632.2
537.1
531.0
431.0
395.7
395.1
331.8
238.8
148.9
97.6
28.9
13

TolC15N
3099.2
3097.9
3076.7
3076.1
3015.7
2987.3
2927.7
2148.4
1590.0
1542.2
1484.2
1428.3
1426.0
1385.2
1361.1
1293.4
1283.4
1189.3
1175.9
1155.8
1102.0
1020.6
996.3
973.9
954.6
940.0
819.4
801.0
795.6
689.2
660.2
632.1
536.1
530.0
430.2
392.3
395.1
331.6
237.9
146.4
96.6
28.9
13

Table 4.1 The fundamental frequencies (in cm-1) of the four Tol-CN isotopomers,
calculated using Gaussian.
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Coupling Order
2
3
4
5
6
7
8
9
10
11
12

Tol-12C14N
0.3
3.1
10.8
25.2
42.2
57.6
70.6
80.8
90.2
90.9
100.2

Tol-12C15N
0.3
2.9
10.7
24.7
42.5
61.1
84.8
107.1
123.2
149.8
178.9

Tol-13C14N
0.3
2.8
10.5
22.5
38.0
50.5
63.5
81.2
86.7
112.8
124.3

Tol-13C15N
0.2
2.9
10.0
21.7
35.1
48.0
57.4
64.3
68.4
66.6
64.1

Table 4.2 Calculated total vibrational density of states (states per cm-1) for the four TolCN isotopomers at different coupling orders in the 50 cm-1 region around their respective
nitrile stretching frequency.
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Isotopomer
Phe-12C14N (1)
Phe-12C15N (2)
Phe-13C14N (3)
Phe-13C15N (4)



e

(amu)

(amu)

ν
(cm-1)

6.46
6.67
6.74
6.96

6.73
6.90
7.06
7.25

2236.7
2210.1
2183.5
2156.1

FWHM
(cm-1)

M

(cm )

(cm-1)

10.8
11.6
11.3
9.7

2209.0
2183.9
2155.6

2232.9
2204.8
2179.8
2150.8

-1

G

Table 4.3 Molecular and spectroscopic properties of the nitrile oscillator, including the
reduced mass (), effective reduced mass (e), experimentally determined peak frequency
() and bandwidth (FWHM), and frequencies obtained from the empirical model (M)
and Gaussian calculation (G).
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Coupling Order
2
3
4
5
6
7
8
9
10
11
12

Tol-12C14N
0.0
0.0
0.2
1.4
3.3
4.3
4.8
4.9
4.3
3.4
2.6

Tol-12C15N
0.0
0.0
0.2
1.6
3.1
4.3
4.7
4.6
3.9
3.3
2.5

Tol-13C14N
0.0
0.0
0.3
1.7
3.2
4.3
4.5
4.4
3.7
2.9
2.3

Tol-13C15N
0.0
0.0
0.4
1.6
3.1
4.3
4.3
4.2
3.6
2.9
2.3

Table 4.4 Calculated vibrational density of states (states per cm-1) for the four Tol-CN
isotopomers at different coupling orders in the 50 cm-1 region around their respective
nitrile stretching frequency. Only CN-coupled modes were used to generate combinations
(Modes 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 in Table 4.1)
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Mode
ν42
ν41
ν40
ν39
ν38
ν37
ν36
ν35
ν34
ν33
ν32
ν31
ν30
ν29
ν28
ν27
ν26
ν25
ν24
ν23
ν22
ν21
ν20
ν19
ν18
ν17
ν16
ν15
ν14
ν13
ν12
ν11
ν10
ν9
ν8
ν7
ν6
ν5
ν4
ν3
ν2
ν1

Tol-12C14N
0.407
0.437
0.177
0.162
0.127
0.061
0.018
-11.681
-1.311
-0.618
-1.021
-0.008
-0.149
-0.156
-0.032
-0.086
-0.365
-1.069
-2.624
-2.417
-0.005
-0.068
-0.049
-0.011
-0.034
-0.034
-0.310
-0.326
-0.272
-0.538
-0.342
-0.717
-3.610
-3.879
-1.370
-0.097
-0.187
-0.255
-0.985
-1.748
-0.547
0.333

Tol-12C15N
0.407
0.445
0.177
0.161
0.127
0.061
0.018
-11.328
-1.065
-0.597
-0.830
-0.007
-0.147
-0.160
-0.031
-0.089
-0.359
-0.719
-2.120
-2.426
-0.027
-0.085
0.091
-0.009
-0.037
-0.043
-0.315
-0.320
-0.166
-0.541
-0.009
-0.708
-3.592
-3.883
-1.391
-0.099
-0.189
-0.256
-0.978
-1.724
-0.517
0.306

Tol-13C14N
0.387
0.415
0.170
0.157
0.126
0.060
0.016
-11.176
-0.907
-0.568
-0.390
-0.009
-0.144
-0.139
-0.030
-0.079
-0.342
-0.825
-0.252
-1.636
-0.035
-0.128
1.437
-0.003
-0.030
-0.013
-0.297
-0.231
-0.094
-0.383
0.426
-0.496
-3.159
-3.704
-1.477
-0.070
-0.192
-0.267
-0.977
-1.683
-0.503
0.365

Tol-13C15N
0.394
0.423
0.170
0.156
0.124
0.059
0.016
-10.818
-0.875
-0.577
-1.031
-0.008
-0.141
-0.145
-0.036
-0.083
-0.337
-0.530
-1.842
-2.885
-0.028
-0.077
-1.486
-0.004
-0.033
-0.020
-0.302
-0.243
-0.022
-0.517
-0.071
-0.525
-3.142
-3.696
-1.497
-0.194
-0.067
-0.268
-0.970
-1.660
-0.475
0.338

Table 4.5 Gaussian anharmonic coupling constants (in cm-1) between the nitrile
stretching mode (ν35) and all other modes of the four Tol-CN isotopomers.

41

Coupling Order
2
3
4
5
6

Phe-12C14N
0.6
12.2
87.5
384.4
1455.5

Phe-12C15N
0.6
11.9
85.8
380.6
1478.5

Phe-13C14N
0.6
11.6
82.4
356.5
1326.7

Phe-13C15N
0.7
12.3
77.5
344.1
1305.0

Table 4.6 Calculated vibrational density of states (states per cm-1) for the four Phe-CN
isotopomers at different coupling orders in the 50 cm-1 region around their respective
nitrile stretching frequency.
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Coupling Order
2
3
4
5
6
7
8
9
10
11
12

Tol-12C14N
0.3
3.1
10.9
25.3
41.8
56.0
67.8
74.2
77.4
77.3
74.8

Tol-12C15N
0.3
2.9
10.7
23.9
39.6
53.4
64.0
70.3
72.9
72.8
70.1

Tol-13C14N
0.3
2.8
10.6
22.7
37.8
49.7
59.6
64.9
66.8
66.1
63.3

Tol-13C15N
0.2
2.9
10.0
21.5
34.6
47.1
55.5
61.4
63.4
62.7
60.6

Table 4.7 Calculated vibrational density of states (states per cm-1) for the four Tol-CN
isotopomers at different coupling orders in the 50 cm-1 region around their respective
nitrile stretching frequency. Methyl torsion mode was increased by 10% (to 32 cm-1).
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Figure 4.1 Normalized CN stretching vibrational bands of 1-4, as indicated. The
corresponding peak frequencies and bandwidths are given in Table 1. Shown in the top
panel is the structure of Phe-CN.
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Figure 4.2 Left panel: CN of Phe-12C14N versus temperature; right panel: difference
spectrum between the Phe-12C14N FTIR spectra collected at 25 and 37 ºC.
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Relative Frequency Shift (%)
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Figure 4.3 Relative frequency shift (i.e., 100·(Δ/N)) of the normal modes for the three
isotopomers of Tol-12C14N (i.e., Tol-12C15N (2), Tol-13C14N (3), and Tol-13C15N (4)), as
indicated. For each mode, N is the frequency calculated for Tol-12C14N, and 
corresponds to the difference between N and that of the isotopomer. It is apparent that
some low frequency modes (~400-700 cm-1) are more strongly coupled to the CN mode.
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Figure 4.4 Time-resolved spectra in the nitrile stretching band region of 1-4, as indicated.
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Figure 4.5 Transient absorption kinetics of 1-4 at representative probing frequencies for
the excited state population decay, as indicated. The smooth line in each case corresponds
to a fit of the kinetic trace to a single-exponential function with an offset, and the
resultant vibrational lifetimes are 4.0 ± 0.2 (1), 2.2 ± 0.2 (2), 3.4 ± 0.2 (3), and 7.9 ± 0.5
ps (4), respectively.
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Figure 4.6 Density of states in the nitrile stretching frequency region of the four Tol-CN
isotopomers obtained with different coupling orders, as indicated. Values are provided in
the Supporting Information (Table S2). Also shown are the CN vibrational relaxation
rates (open circles) of the corresponding Phe-CN isotopomers (right axis).
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5

Fermi Resonance as a Means to Determine the Hydrogen-Bonding
Status of Two Infrared Probes

5.1
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5.2

Introduction

Small chemical groups that can be added to an amino acid sidechain have been
increasingly used as site-specific infrared (IR) probes of the structure and dynamics of
biological molecules.27,128,129 The most effective probes exhibit a strong, environmentally
sensitive, and simple vibrational transition with a frequency located in a uncongested
region of the IR spectrum of proteins. Examples include, but are not limited to, –CN, –
OCN, SCN, SeCN,N3, –C=O, and –COOCH3.32,35–38,130–133 A large body of literature
exists, showing how an unnatural amino acid that bears such a vibrational probe can be
employed to interrogate a wide range of biochemical and biophysical questions, ranging
from protein hydration dynamics134 to electric field changes at the active site of
enzymes.135 While several factors can affect the vibrational frequency of these IR probes,
a distinct one is hydrogen-bond (HB) formation between the probe in question and its
immediate environment. However, in practice it is not always easy and straightforward,
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or even possible, to tell whether an IR probe is engaged in any hydrogen-bonding (Hbonding) interactions based on its frequency alone.136–138 Herein, we show, using 4cyanoindole (4-CI) and cyclopentanone (CP) as examples, that for an oscillator exhibiting
Fermi resonance, the underlying vibrational coupling constant is a robust and convenient
indicator of its H-bonding status.
Fermi resonance139,140 is frequently observed in the vibrational spectra of
polyatomic molecules. In contrast to vibrational coupling between two spectrally active
fundamental modes, a defining characteristic of Fermi resonance is the sharing of
vibrational excitation energy between a (bright) fundamental transition and an overtone
or combination mode, which is otherwise dark or has a negligible absorption cross
section. According to the treatment of Bertran et al.141 as well as Devendorf et al.142 the
frequency gap (Δ) between an observed Fermi resonance doublet is related to the
corresponding unperturbed frequency spacing (Δ0) and the anharmonic coupling strength
(W) by the equation:
Δ = √Δ0 2 + 4𝑊 2

(5.1)

Furthermore, the coupling strength W may be calculated from the experimentally
determined spectrum via the following relationship:
𝐼

𝑅 = 𝐼𝑎 =
𝑏

√Δ+(Δ2 −4𝑊 2 )
√Δ−(Δ2 −4𝑊 2 )

(5.2)

where Ia and Ib are the observed peak intensities (or integrated peak areas) of the Fermi
resonance doublet. A previous study143 has shown that H-bonding interactions can
enhance the coupling strength underlying a Fermi resonance. Specifically, Greve et al.
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found that, upon increasing the mole fraction of dimethyl sulfoxide (DMSO) in a binary
solvent mixture of DMSO and CCl4, the intensity of the (previously dark) NH2 bending
overtone mode of d5-aniline, which is coupled to the fundamental N-H symmetric and
asymmetric stretching modes of the molecule via Fermi resonance, is increased. They
attributed this increase to H-bonding interactions between the amine group of d5-aniline
and DMSO. This finding suggests that an oscillator’s Fermi resonance coupling constant
(W) could be a useful metric to determine its H-bonding status.
As shown (Figure 5.1), both 4-CI and CP in isopropanol exhibit two IR bands
near the frequency where the respective C≡N or C=O stretching vibrational transition is
expected to occur. Previous studies have provided strong evidence indicating that the two
IR bands of CP arise from Fermi resonance, due to coupling between the carbonyl
stretching fundamental mode and the combination transition of a C-H stretching mode
and a ring stretching mode.144 As shown below, the frequencies and relative intensities of
the two IR bands of 4-CI are dependent on the choice of solvent, as observed for CP. In
addition, two-dimensional IR (2D IR) measurements confirm that these two bands are
coupled. Therefore, we conclude that the two IR bands observed in the C≡N stretching
vibrational frequency region of 4-CI also result from Fermi resonance. Further evidence
supporting this notion comes from ab initio calculations of 4-CI, which show that while
there is only one fundamental mode in the nitrile stretching frequency region, this mode
(i.e. the nitrile stretching vibration) is likely to be coupled to the overtone transition of a
low-frequency mode involving N-H wagging and ring breathing. To test whether Fermi
resonance can be used to determine the H-bonding status of a nitrile or carbonyl
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oscillator, we determine the W values of 4-CI and CP in a series of protic and aprotic
solvents. Indeed, we find that for both 4-CI and CP, a W value greater than 7.7 cm-1 is
indicative of H-bonding interactions.

5.3

Experimental Details

5.3.1

Materials and Sample Preparation

All chemicals were used without further purification: 4-cyanoindole (Aldrich, 97%),
cyclopentanone (Acros, 99+%), dimethyl sulfoxide (DMSO, Fisher, 99.9%), N,Ndimethylformamide (DMF, Acros, 99.8%), pyridine (Aldrich, 99+%), tetrahydrofuran
(THF,

Fisher,

99.9%),

toluene

(Acros,

99.8%),

1,4-dioxane

(Acros,

99%),

dichloromethane (DCM, Fisher, 99.9%), methanol (Acros, 99.8%), ethanol (Decon Labs,
200 proof), isopropanol (Acros, 99.8%), butanol (EMD Millipore, 99.0%), 2,2,2trifluoroethanol (TFE, Chem-Impex, 99%), acetic acid (Fisher, glacial). Deuterated 4-CI
was prepared by dissolving 4-CI in 2,2,2-trifluoroethan(ol-d) (Aldrich, 99 atom % D),
lyophyilization overnight, and repeating this process twice. For FTIR measurements, the
solute concentration was about 20 mM, whereas for time-resolved IR experiments the
concentration was increased to approximately 300 mM. For all IR measurements, the
sample was placed between two 2 mm thick CaF2 windows separated by a 56 µm Teflon
spacer.
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5.3.2

Static and Time-Resolved IR Measurements

FTIR spectra were collected on a Nicolet iS50 FTIR spectrometer at a resolution of 1 cm1

. For each spectrum, a solvent background was first subtracted and then the resultant

data (in the C=O or C≡N stretching frequency region) were fit to two pseudo-Voigt
functions, each with a fixed mixing parameter of 0.5. The fitting parameters (i.e., peak
frequency and band area) were used to determine Δ and R, which were further used to
calculate Δ0 and W via Eqs. (1) and (2). 2D IR spectra were collected on a photon-echo
setup with a boxcar geometry, the details of which have been described in detail
elsewhere.145 IR transient kinetics were obtained on a home-built, 1 kHz pump-probe
apparatus, where the pump pulse (3 μJ) and probe pulse (0.2 μJ) were derived from the
same mid-IR pulse (~120 fs and ~150 cm-1 bandwidth) with a center frequency of 2230
cm-1 (1740 cm-1) for 4-CI (CP). After spatial overlap of the pump and probe pulses in the
sample, the relative time delay between which was controlled by an optical delay line, the
probe beam was directed to a monochromator and dispersed onto a 32 channel mercury
cadmium telluride (MCT) array detector (Infrared Systems Development, Winter Park,
FL).

5.3.3

Computational Methods

Anharmonic vibrational frequencies for 4-cyanoindole were calculated using Gaussian 09
at the using the hybrid density functional B3LYP and 6-31+(d,p) orbital basis set.72
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5.4

Results and Discussion

5.4.1

Dependence of the Fermi resonance doublet of CP on solvent.

As observed in isopropanol (Figure 5.1), the FTIR spectra of CP in other solvents also
exhibit two peaks in the carbonyl stretching frequency region (Figure 5.2). Several
previous studies144,146,147 have argued that this IR doublet is a result of Fermi resonance.
In support of this assessment, our 2D IR measurements (Figure 5.3) show that these two
peaks are indeed coupled. Therefore, we directly applied Eqs. 5.1 and 5.2 to extract the
underlying Fermi resonance parameters Δ0 and W for every solvent. As indicated (Table
5.1), consistent with the study of Greve et al.,143 the coupling constant W obtained in
protic solvent is larger than that in aprotic solvent, which signifies the effect of Hbonding interactions between the carbonyl group and solvent molecules. To facilitate a
better visualization of this H-bonding effect, we plot W as a function of , where  = * +
α with * and α being the Kamlet-Taft parameters148 that manifest a solvent’s
polarizability and HB donating ability, respectively. As indicated (Figure 5.4), the
resultant plot clearly shows that there is a distinct separation between the effects of protic
and aprotic solvents, with all protic solvent grouped above a threshold of W ≈ 7.7 cm-1.
This result suggests that the Fermi resonance coupling constant is a convenient metric to
directly assess the H-bonding status of the carbonyl group in CP. In addition, the
calculated unperturbed frequency spacing (0) exhibits a V-shaped dependence on the
intensity ratio (R) with minimum at R = 1 (Figure 5.5); this is in agreement with the result
of Bertran et al.141 and indicative of a crossover in frequency (between the fundamental

55

and overtone modes) as the carbonyl fundamental mode is red-shifted due to H-bonding
interactions.

5.4.2

Dependence of the Fermi resonance doublet of 4-CI on solvent

To verify the notion that W is indeed a sensitive metric for the H-bonding status of an
oscillator involved in Fermi resonance, we extended our study to 4-CI. As shown (Table
5.2 and Figure 5.6), in all the solvents used 4-CI gives rise to two peaks near 2230 cm-1,
where the C≡N stretching vibrational band is expected to be located. However, a normal
mode analysis using Gaussian72 predicts that only one vibrational mode (i.e., the C≡N
stretching mode) should be present in this spectral region. Therefore, these two observed
peaks most likely arise from Fermi resonance. Further evidence supporting this
assignment comes from 2D IR measurements (see below) and also the fact that a close
analog of 4-CI, 5-cyanoindole (5-CI), only exhibits one peak in the expected C≡N
stretching frequency region.33 To this end, we proceeded with the calculation of Δ0 and
W. As seen with CP, it is evident from the results (Table 2) that in protic solvents the
Fermi resonance coupling interaction is enhanced, resulting in a greater W compared to
that obtained in aprotic solvents. Similar to what was done with CP, we seek to use an
empirical solvent parameter to help illustrate the dependence of W on the H-bonding
status of the nitrile group in 4-CI. A previous study by Zhang et al.34 indicated that the
C≡N stretching frequency of 5-CI exhibits a linear correlation with the empirical solvent
parameter       , where , like  and α, is a Kamlet-Taft parameter that
characterizes a solvent’s HB accepting ability.148 Because of the structural similarity
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between 4-CI and 5-CI, we therefore chose  to distinguish between different solvents.
As shown (Figure 5.7), there is a clear grouping of points in the W versus  plot, with the
W values obtained in protic/aprotic solvents being greater/smaller than 7.7 cm-1.
Furthermore, the data obtained in aprotic solvents, where  is either zero or close to zero,
show reasonable linearity between W and , indicating that a solvent’s specific and nonspecific interactions with the indole ring affect the Fermi resonance coupling interaction
in question. Similarly, as shown (Figure 5.8), the W values obtained in these solvents also
exhibit a modest linear dependence on their dielectric constants. Moreover, as observed
for CP, the Δ0 values also exhibit a V-shaped dependence on R for 4-CI (Figure 5.5),
providing further corroborating evidence that the two peaks near the C≡N stretching
frequency region arise from Fermi resonance. It is worth noting that, because H-bonding
interactions shift the C≡N (C=O) stretching frequency to a higher (lower) wavenumber,
the Δ0 versus R plot of 4-CI appears to be a mirror image of that of CP. However, taken
together, the current results obtained with CP and 4-CI suggest that the Fermi resonance
coupling constant constitutes a sensitive indicator of the H-bonding status of a functional
group that can be used to assess its local solvation environment via simple FTIR
experiments.

5.4.3

Verification of the Fermi resonance of 4-CI via 2D IR spectroscopy

To verify that the two observed bands of 4-CI indeed arise from a coupling interaction,
we carried out 2D IR measurements. It is well known that 2D IR spectroscopy is able to
reveal the underlying relationship between vibrational modes observed in a FTIR
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spectrum, among other applications.149 For example, for two vibrational transitions that
are coupled, a cross peak between these two modes would develop immediately (i.e., at T
= 0), whereas for an energy transfer process, the cross peak would grow in as a function
of T. As shown (Figure 5.9), the absorptive 2D IR spectra of 4-CI in isopropanol exhibit
complex features. First, there are two positive diagonal peaks at 2230 and 2215 cm -1,
respectively, corresponding to the vibrational transitions (i.e., 01 transitions) observed
in the linear IR spectrum, which are accompanied by two negative peaks at 2215 and
2205 cm-1 due to the respective 12 transitions. These results indicate that the
anharmonicity for the high (low) frequency mode is ~25 cm-1 (~10 cm-1), similar to the
value of 23 cm-1 previously reported by Fang et al. for a nitrile stretching mode.150
Second, positive signals are observed off the diagonal at {ωτ, ωt} = {2230, 2215} cm-1
and {2215, 2230} cm-1, respectively. These cross peaks appear at early waiting times,
hence indicating that the two corresponding peaks in the FTIR spectrum arise from two
coupled vibrational modes, rather than due to energy transfer or distinct species. Third,
there is an apparent beating between the positive, off-diagonal peaks as the waiting time
is increased, as expected for a pair of coupled oscillators and as observed in similar 2D
IR studies.143,151–153 A more evident manifestation of this beating feature is revealed by
the pump-probe kinetics measured at 2205 cm-1 (Figure 5.10), which, when fit together
with a single-exponential term arising from excited-state population decay, gives rise to a
oscillatory trace that can be fit to a damped sine function with a period of 1.9 ± 0.1 ps and
a damping time constant of 0.5 ± 0.1 ps. This period of beating is consistent with the
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analytical value (2 ps) calculated based on the frequency gap (i.e., 16.6 cm -1) between the
two vibrational transitions.
Taken together, these 2D IR results corroborate the idea that the two IR peaks
observed in the C≡N stretching region of 4-CI likely result from Fermi resonance. While
it is evident that the fundamental and bright mode involved is the C≡N stretching
vibration, it is less straightforward to discern the nature of the dark mode involved. To
this end, we attempted to look for a potential candidate in the 1000-1200 cm-1 region of
the FTIR spectrum of 4-CI for every solvent. However, all the solvents used in this study,
except cyclopentanone and dichloromethane, have strong absorption in this lower
frequency region and hence prevent the observation of any 4-CI modes for this purpose.
As shown (Figure 5.11), in cyclopentanone 4-CI exhibits an IR band centered at 1113.7
cm-1 with a width of 13.7 cm-1, whereas in dichloromethane this band is shifted to 1108.9
cm-1 and has a narrower width (5.1 cm-1). Based on the Gaussian frequency analysis, this
mode likely consists of indole ring breathing as well as C-H and N-H wagging in the
plane of the ring. Therefore, the observed spectral shift and broadening upon changing
the solvent from dichloromethane to cyclopentanone could be attributed to the fact that
the latter can interact with the indole N-H group in 4-CI via HB formation. Furthermore,
the energy of the overtone transition of this mode is close to the vibrational energy of the
fundamental C≡N stretching motion and, hence, is likely the one that participates in the
aforementioned Fermi resonance. To provide further credence to this assignment, we
collected the IR spectrum of N-deuterated 4-cyanoindole (ND-4-CI) in deuterated
methanol (MeOD). ND-4-CI was prepared by dissolving 4-CI in 2,2,2-trifluoroethan(ol59

d) (Aldrich, 99 atom % D), followed by lyophyilization (twice). As indicated (Figure
5.12), the IR spectrum of ND-4-CI in the nitrile stretching frequency region is dominated
by band centered at 2228 cm-1, thus supporting the notion that the low-frequency mode
involved in the Fremi resonance contains contribution from the N-H wagging motion as
deuteration of this group will likely change its frequency. However, to yield more insight
into the nature of the low-frequency overtone mode involved, further polarizationdependent 2D IR measurements, as those done in the study of Greve et al.,22 are required.
To support the above assignment of the observed 2D IR spectral features, we employed a
simple transition dipole coupling model and a simulation protocol based on that of Hamm
and Zanni25 to generate 2D IR spectra for comparison, based on the anharmonic IR
frequencies and transition dipole vectors calculated using Gaussian ’09.72 While it is
straightforward to calculate the anharmonic frequencies for the states |1 0>, |2 0>, and |0
2>, Gaussian is unable to calculate the anharmonicities for the 3rd overtone of the ring
mode |0 4> or the mixed mode |1 2> as it does not consider more than 2 quanta in the
anharmonicity calculations. Therefore, in the simulation we simply included a value of 10
cm-1 for the |0 4> anharmonicity, which is a reasonable estimate based on other studies.37
As indicated (Figure 5.13, top panel), in the absence of coupling between the two modes,
a pair of diagonal peaks is observed, however, as shown (Figure 5.13, bottom panel)
when the additional parameter of 8 cm-1 anharmonicity (i.e. coupling) for the |1 2> mixed
state is included, a pair of off-diagonal peaks appears. On the upper left side, the negative
band is engulfed with the large negative diagonal peak, and a positive band occurs
between this large negative peak and the positive peak on the diagonal. These features are
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in qualitative agreement with the observed experimental spectra collected at early waiting
times, thus supporting the assignment of a Fermi resonance interaction between the nitrile
stretching vibration and the first overtone of a low-frequency ring mode.

5.5

Conclusions

Various small diatomic or triatomic functional groups, such as C=O and C≡N, that
possess a distinct, strong, and environmentally sensitive IR band, have become
increasingly popular as site-specific IR reporters for investigating a wide range of
chemical, physical, and biological questions. However, in many cases, it is difficult, if
not impossible, to directly determine the H-bonding status of the IR probe in question.
Herein, we hypothesize that in cases where the fundamental IR transition of interest is
involved in Fermi resonance, the underlying coupling constant (W) could be a useful
indicator of the H-bonding status of the respective functional group. To test this
hypothesis, we examined two model systems, cyclopentanone and 4-cyanoindole, both of
which give rise two IR bands in the vicinity of the stretching vibrational frequency of the
corresponding functional group (i.e., C=O and C≡N). Based on previous studies as well
as 2D IR measurements, these doublet bands can be attributed to Fermi resonance. In
support of our hypothesis, we found that, for both functional groups, the Fermi resonance
coupling constants obtained in a series of solvents show distinct clustering into two
regions, with those obtained in protic solvents being greater than 7.7 cm-1. Since both
groups are expected to engage in H-bonding interactions with protic solvents, this result
shows that W could be used as a convenient metric to assess their H-bonding status. In
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this regard, it would be interesting to find out, in future works, whether the current
finding is valid for other systems.
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Solvent
Methanol
Butanol
Ethanol
Isopropanol
DCM
DMSO
1,4-dioxane
THF
Toluene

ω1, cm-1
1747.9
1747.8
1748.4
1748.2
1743.9
1743.5
1746.4
1747.5
1747.5

ω2, cm-1
1728.8
1729.0
1729.2
1729.5
1728.8
1729.0
1732.1
1730.3
1730.6

Δ, cm-1
19.0
18.7
19.2
18.7
15.2
14.5
14.3
17.2
17.0

R
0.51
0.70
0.75
0.86
1.36
1.42
2.90
2.90
4.25

W, cm-1
8.99
9.21
9.51
9.33
7.50
7.15
6.23
7.50
6.67

Δ0, cm-1
6.26
3.29
2.78
1.44
2.32
2.50
6.95
8.38
10.50

Table 5.1: Spectral parameters of CP in different solvents, arranged in order of
increasing R value.
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Solvent
DMSO
DMF
Pyridine
THF
Toluene
Cyclopentanone
1,4-dioxane
DCM
Methanol
Ethanol
Isopropanol
Butanol
Trifluoroethanol
Acetic acid

ω1, cm-1 ω2, cm-1
2213.3
2229.1
2213.8
2229.1
2214.2
2229.1
2215.1
2229.7
2217.0
2230.4
2214.0
2228.5
2216.1
2230.5
2216.4
2230.5
2217.2
2233.3
2216.9
2233.1
2216.9
2233.6
2216.8
2233.5
2220.3
2239.9
2217.4
2235.1

Δ, cm-1
15.8
15.3
14.9
14.6
13.4
14.5
14.4
14.1
16.1
16.2
16.6
16.7
19.6
17.7

R
0.66
0.71
0.84
0.91
1.06
1.08
1.21
1.24
1.25
1.34
1.42
1.52
2.59
2.61

W, cm-1
7.62
7.49
7.44
7.28
6.78
7.32
7.14
7.13
7.98
7.99
8.18
8.18
8.77
7.91

Δ0, cm-1
4.25
3.43
1.81
0.77
0.37
0.02
1.70
1.40
1.95
2.70
3.06
3.52
9.52
8.75

Table 5.2: Spectral parameters of 4-CI in different solvents, arranged in order of
increasing R value
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Figure 5.1 FTIR spectra of CP (pink) and 4-CI (green) in isopropanol, showing the
respective vibrational transitions in the C=O and C≡N stretching frequency region.
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Figure 5.2. Normalized FTIR spectra of the carbonyl stretching region of CP in various
protic and aprotic solvents, as indicated.
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Figure 5.3 2D IR spectrum of the carbonyl stretching mode of CP in isopropanol at
T=250 fs. The appearance of off-diagonal peaks at early waiting time is indicative of
coupled modes and supports the assignment of Fermi resonance.

67

10.0

Protic Solvent

W (cm-1)

9.0

8.0

7.0

Aprotic Solvent
6.0
0.5

1.0

1.5

2.0



Figure 5.4 Dependence of the Fermi resonance coupling constant (W) of CP on the
empirical solvent parameter  = * + α, showing separation of W values obtained in
protic (red) and aprotic (blue) solvents.
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Figure 5.5 Dependence of 0 on R for CP (left) and 4-CI (right) obtained in protic (red)
and aprotic (blue) solvents. The V-shaped dependence is a characteristic of Fermi
resonance.
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Figure 5.6 Normalized FTIR spectra of the nitrile stretching region of 4-CI in various
protic and aprotic solvents, as indicated.
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Figure 5.7 Dependence of the Fermi resonance coupling constant (W) of 4-CI on the
empirical solvent parameter  = * +  - , showing separation of W values obtained in
protic (red) and aprotic (blue) solvents. The blue line represents the linear regression of
the data obtained in aprotic solvents.
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Figure 5.8 Dependence of the Fermi resonance coupling strength W for 4-CI on solvent
dielectric constant ε for the aprotic solvents used in the current study.
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Figure 5.9 2D IR spectra of 4-CI in isopropanol at representative waiting times, as
indicated.
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Figure 5.10 Excited-state decay kinetics of 4-CI in isopropanol, measured at 2205 cm-1.
The smooth line represents the best fit of these data to a function consisting of an
exponential decay component with a lifetime of 1.6 ± 0.2 ps and a damped oscillatory
component with an exponential damping time constant of 0.5 ± 0.1 ps and a period of 1.9
± 0.2 ps.
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Figure 5.11 Normalized FTIR spectrum of the region containing the indole ring mode of
4-CI in dichloromethane and cyclopentanone. The first overtone of this mode is likely
involved in the Fermi resonance interaction with the nitrile stretching fundamental.
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Figure 5.12 Normalized FTIR spectra of 4-CI after H/D exchange in deuterated methanol
compared to 4-CI in methanol.
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Figure 5.13 Simulated 2D IR spectra using the transition dipole model discussed in the
main text and the energy levels in the right panel. Top: 2D IR spectrum calculated with a
nitrile stretching mode and a ring overtone mode, without coupling. Bottom: 2D IR
spectrum calculated with the same vibrational modes, with an 8 cm-1 anharmonic
coupling, showing the resultant cross peak.
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6

Evaluation of N-methyl-5-nitroindole as a Probe of Local Electric
Field in Nucleic Acids

6.1

Introduction

Among the primary driving forces involved in the structure and functions of DNA and
RNA are electrostatic interactions, including between base pairs, arising from the
phosphate backbone, and from ions and other biomolecules in solution. For decades,
experimental and theoretical efforts have focused on elucidating the details of the
complex mechanisms underlying DNA and RNA folding, replication, recombination,
transcription, and translation.
Spectroscopic techniques have been implemented including NMR and infrared
(IR) spectroscopy in order to gather structural and dynamic information of nucleic acids
in various forms.131,154–157 In general, previous studies have utilized the global vibrational
modes of nucleic acids in order to monitor structural transitions and binding interactions.
Similar to the strategy of site-specific IR probes in proteins and peptides, it is possible to
be able to measure the local environment at specific locations in DNA and RNA with
unnatural bases including azido-158 and nitrile-derivatized131,159 uridine.
An IR spectroscopic transition can be modulated by the interaction with an
external electric field. This typically manifests as a frequency shift with a magnitude
proportionate to the electric field strength and the Stark tuning rate.47 This has been used
extensively as a method of measuring the electric field experienced at a chosen site in
biomolecules.
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The small molecule 5-nitroindole has been utilized in DNA and RNA as a
universal base analogue,160–162 by forming hydrophobic interactions between neighboring
bases rather than coordinating hydrogen bonds. While useful in exploring the effects of
hydrophobic stacking on nucleic acid structural stability, thus far, this base has not been
used as a spectroscopic probe.
One of the nitro stretching modes of N-methyl-5-nitroindole (NM5I) occurs in
uncongested region of the biological IR spectrum. In this work, we show that this
vibrational mode is sensitive to the local electric field using an FTIR solvent study and
molecular dynamics (MD) simulations. In particular, the stretching mode of NM5I at
~1675 cm-1 exhibits excellent potential for probing the local electric field changes
experienced in nucleic acids in various conformations and binding interactions.

6.2

Experimental Details

6.2.1

Materials

Solvents were used without further purification: dimethyl sulfoxide (DMSO, Fisher,
99.9%), methanol (Acros, 99.8%), ethanol (Decon Labs, 200 proof), isopropanol (Acros,
99.8%), acetonitrile (Fisher, 99.5%), diethyl ether (Fisher, anhydrous, 99%).
N-methyl-5-nitroindole (NM5I) was synthesized and purified according to the
following procedure: 5-nitroindole (Acros, 99%; 389 mg, 2.4 mmol) was dissolved in
dimethylformamide (8 mL, dried with 4 A molecular sieves) under argon and cooled to 0
°C. To the solution was added sodium hydride (60% dispersion in mineral oil, 130 mg,
3.12 mmol). The reaction was then stirred at room temperature for 30 minutes. Methyl
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iodide (230 μL, 3.6 mmol) was then added neat at room temperature, and the reaction
was allowed to stir overnight. The reaction was quenched with water (10 mL) and
extracted with ethyl acetate (3x 20 mL). The combined organic extracts were dried over
Na2SO4 and concentrated under reduced pressure (~10 torr) at 45 °C to remove residual
DMF. NM5I was obtained as an analytically pure yellow solid (414 mg, 98% yield).
6.2.2

FTIR Solvent Study

NM5I was dissolved in each solvent to a concentration of 10-30 mM. The solutions were
each placed between two 2 mm thick CaF2 windows separated by a 25 µm Teflon spacer.
Spectra were collected at 1 cm-1 resolution on a Nicolet iS50 FTIR spectrometer. A
solvent background was subtracted from each sample spectrum, and the resultant data in
the NO stretching region were fit to one pseudo-Voigt profile for the aprotic solvents, and
two pseudo-Voigt profiles for the protic solvents.
6.2.3

MD Calculations

MD simulations were carried out using the molecular dynamics program NAMD 2.12. 163
The force field parameters for NM5I were first calculated using the force field toolkit
(ffTK) plugin for VMD.164 The force field parameters for all solvents were used from the
CHARMM22165 and CGenFF CHARM36 v. 2b7 for Small Molecule Drug Design.166 A
single NM5I molecule was solvated in a box of each solvent. First, a 1 ns equilibration
simulation was performed in the NPT ensemble at 298 K and 1 atm. Following
equilibration, a 10 ns production run at 298 K in the NVT ensemble was carried out,
saving a snapshot every 500 fs, resulting in 20,000 frames in each trajectory.
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Local electric field (EF) was calculated at the nitro functional group using the
VMD software package167 based on the methods of Boxer et al.168 Specifically, for each
frame in the MD trajectory, the net field was calculated on the nitro group N atom, each
O atom (𝐸𝑁 , 𝐸𝑂1 , 𝐸𝑂2 ) arising from all partial charges within a sphere of 20 A radius of
the atom of interest. Then, the mean electric field on the nitro group 𝐸̅ = (𝐸𝑁 + 𝐸𝑂𝐴 +
𝐸𝑂𝐵 )/3 was found for each frame, with the total field scaled by a factor of 2.5 according
to the treatment of Fried et al,168 the ensemble averaged field 〈𝐸̅ 〉 was obtained from a
Gaussian fitting of the histograms as shown in Figures 6.3 and 6.4. The scaled
distributions for the individual atomic electric fields are shown for methanol in Figure
6.5. In the three protic solvents, the results indicate the presence of different hydrogen
bonding states. The frames of these three trajectories were sorted into two populations:
(1) those where either nitro O atom was coordinated to one or more hydrogen bonds and
(2) where no hydrogen bonds were present. The VMD H-bond plugin was used for this
analysis, using a distance cutoff of 3.2 A and a donor-hydrogen-acceptor angle cutoff of
40º.
6.3

Results and Discussion

6.3.1

Solvent Dependence of NO Stretching Frequency

As shown in Table 6.1 and Figure 6.1, the frequency of the stretching mode of NM5I is
strongly dependent on choice of solvent. Furthermore, in the aprotic solvents DMSO,
acetonitrile, and ether, the spectra can be easily fit to a single band, however in protic
solvents a second band appears, red-shifted with respect to the first band. Based on the
structure of NM5I, it is reasonable to assign this new spectral band to a hydrogen bonding
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interaction between the protic solvents and the nitro functional group. The coordination
of a hydrogen bond with either oxygen atom is likely to weaken the N=O bond strength
and thus lower its vibrational frequency. To more fully understand the influence of
solvent on the nitro stretching mode, we turned to MD simulations of NM5I.
6.3.2

Sensitivity of NO Vibration to Electric Field

The calculated mean electric field on the nitrogen and oxygen atoms of the nitro
functional group of NM5I were determined from MD simulations and are shown as
histograms and their respective Gaussian fits in Figures 6.2 and 6.3. As seen for the IR
spectra, the aprotic solvent electric field distributions (Figure 6.2) each conform to a
single Gaussian, while the populations for protic solvents are influenced by the
coordination of hydrogen bonds, splitting them into two distinct groups (Figure 6.3). We
assigned the hydrogen bonding population in the protic solvents to the red-shifted IR
band which appears in the spectra for methanol, ethanol, and isopropanol. As shown in
Figure 6.4, there is a positive correlation with the strength of the ensemble electric field
measured in the MD simulation and the experimental vibrational frequencies.
By using the mean electric field value between the N, O1, and O2 atoms, we may
not be fully capturing the influence of solvent interactions that lead to the spectral
changes. As seen in Figure 6.5, the oxygen atoms experience much larger changes in
electric field between the non-hydrogen bonded and hydrogen bonded states. As such, we
instead used a linear combination of the electric field values at these three locations
(Table 6.2) combined with an offset to obtain the calculated frequencies (Table 6.2). The
equation obtained after the fitting routine was 𝜔calc = 0.49𝐸𝑁 + 0.26𝐸𝑂1 + 0.98𝐸𝑂2 +
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1689.71. The correlation shown in Figure 6.6 suggests that this method more accurately
captures the influence of solvent electric field on the NO stretching frequency in NM5I.

6.4

Conclusions

The structure and function of nucleic acid molecules is influenced a great deal by
electrostatic interactions. While recent experimental and theoretical efforts have explored
these influences, most take advantage of intrinsic spectroscopic signals which lack the
ability to investigate a particular location of interest. To that end, this work explores an
unnatural but universal base N-methyl-5-nitroindole as a vibrational probe of local
electrostatic interactions in DNA and RNA.
As the nucleotide based on the base N-methyl-5-nitroindole has already been
implemented in structural stability studies of DNA and RNA, it is commercially available
and can be incorporated into synthetic oligonucleotides. As such, future experimental
efforts will study this vibrational probe into short sequences to demonstrate the sensitivity
to different conformational and environmental changes. Additionally, 2D IR studies can
be utilized to afford greater spectral and temporal resolution to gain a more complete
understanding of the structure and dynamics of DNA and RNA.
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Solvent

ω1
(cm-1)

ω2
(cm-1)

̅ 〉𝟏
〈𝑬
(MV/cm)

̅ 〉𝟐
〈𝑬
(MV/cm)

Methanol

1670.0

1656.7

-9.50

-16.08

Ethanol

1671.8

1659.2

-6.88

-14.44

Isopropanol

1673.2

1660.2

-5.24

-13.82

DMSO

1671.9

-

-10.74

-

Acetonitrile

1676.8

-

-10.95

-

Ether

1690.8

-

-5.49

-

Table 6.1: Nitro stretching mode frequencies and calculated electric fields of NM5I in
different solvents.
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ωexp
(cm-1)

𝑬𝑵
(MV/cm)

𝑬𝑶𝟏
(MV/cm)

𝑬𝑶𝟐
(MV/cm)

ωcalc
(cm-1)

MeOH 0 HB

1670.0

-9.31

-9.41

-9.46

1668.5

MeOH 1+ HB

1656.7

-14.42

-20.41

-21.31

1657.2

EtOH 0 HB

1671.8

-7.14

-7.10

-7.21

1670.8

EtOH 1+ HB

1659.2

-12.77

-19.75

-19.61

1658.7

IpOH 0 HB

1673.2

-6.10

-6.19

-6.15

1680.3

IpOH 1+ HB

1660.2

-12.02

-19.09

-19.69

1659.8

DMSO

1671.9

-10.29

-10.17

-10.01

1672.5

Acetonitrile

1676.8

-10.44

-10.25

-10.36

1676.7

Ether

1690.8

-5.26

-4.89

-4.84

1685.8

Solvent

Table 6.2: Experimental nitro stretching frequencies (ωexp), calculated atomic electric
fields at the nitro group N (𝐸𝑁 ) and oxygens (𝐸𝑂1 , 𝐸𝑂2 ), and calculated frequencies (ωcalc)
for NM5I in various solvents.
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Figure 6.1: Normalized FTIR spectra of the NO stretching region of NM5I in various
protic and aprotic solvents, as indicated.
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Figure 6.2: Calculated electric field distribution at the nitro group for three aprotic
solvents, as indicated.
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Figure 6.3: Calculated electric field distribution at the nitro group for three protic
solvents, as indicated.
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Figure 6.4: Correlation of experimental nitro stretching frequencies with the ensemble
averaged electric field on the nitro group 〈𝐸̅ 〉.
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Figure 6.5: Individual atomic electric field distributions calculated for NM5I in
methanol.
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Figure 6.6: Frequency-frequency correlation of nitro stretching frequencies using the
calculated electric field. The calculated frequencies were obtained with the following
equation, a linear combination of the electric field values: 𝜔calc = 0.49𝐸𝑁 + 0.26𝐸𝑂1 +
0.98𝐸𝑂2 + 1689.71.
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7

A Newfound Capability of N-acetylaspartate as a Potent Agent for
Preventing and Reversing Aggregation of Amyloid-beta

7.1

Introduction

Amongst amino acids in the brain, N-acetylaspartate (NAA) is second only to glutamate
in total concentration.169 However, while high concentrations of glutamate are found in
all compartments of the brain, NAA is predominantly located in axons and neurons,
where it is by far the most abundant amino acid, at 12-15 mM.170,171 Although the high
concentration of glutamate can easily be attributed to its major dual roles as a building
block for protein synthesis and as the most abundant excitatory neurotransmitter,172
surprisingly, the primary function of NAA has not been identified. Indeed, roles for NAA
characterized thus far appear to represent general repurposing of the abundant amino acid
rather than pointing to its essential cellular function. For example, once synthesized from
acetate and aspartate in axons, NAA can be transferred to oligodendrocytes, where it is
cleaved to release the acetate group to serve as a building block for myelin production. 173
However, it is unclear why such a complicated scheme would be specifically employed
for building myelin since acetate is a common and easily produced end product in all
cells. Instead, this pathway may simply reflect a local recycling of NAA and its products
to accommodate the surprisingly high production and turnover in axons, which is
essential to maintain a precise NAA concentration. In addition, while NAA has also been
shown to act as a neuronal osmolyte helping with fluid balance,174 similarly, it remains
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unclear why neurons specifically use NAA rather than many other more common
osmolytes.175
Proton magnetic resonance spectroscopy (MRS) of the brain shows that the very
large peak for NAA dominates the water-suppressed spectra, due primarily to its high
concentration and unique structure. Since NAA is predominantly found in neuronal
structures and its relative concentration is highly stable under normal physiological
conditions, its MRS signature has been established over decades as a reliable biomarker
of neuronal integrity.176,177 In neurodegenerative disorders and traumatic brain injury
(TBI), regional decreases in NAA concentration are commonly found, particularly in the
white matter.178–182 This is thought to represent either metabolic stress and dysfunction of
mitochondria in axons where NAA is synthesized, or a relative tissue loss of neuronal
structures.183
Based on its structure and high concentration in the brain, we hypothesize that
NAA plays an important role in preventing or reversing aberrant aggregation of proteins
and peptides, such as amyloid-beta (Aβ). If true, an imbalance of NAA might serve as a
tipping point leading to unchecked aggregation of Aβ and the formation of β-sheet rich
oligomers, fibrils, and plaques. TBI may be a prime example of this, where a decrease in
NAA concentration in the white matter is accompanied by the massive genesis of Aβ
peptides that accumulate in damaged axons.184–189 Release of this Aβ reservoir leads to
the formation of diffuse plaques throughout the brain, remarkably within hours of injury,
even in young individuals.189–192 However, the capacity of normal or reduced levels of
NAA to modulate this process has not been previously investigated.
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Here we explored the potential role of NAA to inhibit or reverse Aβ aggregation
using in vitro analyses. Specifically, we examined the temporal effects of various
biologically relevant concentrations of NAA alongside known inhibitors on Aβ
aggregation, Morin and Phenol Red, in a Thioflavin-T (ThT) Aβ fibril formation assay.
Results thus obtained were further verified by other complimentary methods, including
electron microscopy, fluorescence correlation spectroscopy (FCS) and dynamic light
scattering (DLS).

7.2

Experimental Details

7.2.1

Thioflavin-T Amyloid-β Fibril Formation Assay

One milliliter of buffer (50 mM Tris, 150 mM NaCl, pH = 7.2) was added to 0.25mg of
Aβ42 (Anaspec, Fremont CA, USA). The solution was mixed by inversion, centrifuged at
10,000 rpm for 5 mins at 4C to remove any precipitates. ThT (10 μL, 2 mM - Anaspec,
Fremont CA, USA) was added to a well of a 96 well black-bottom non-binding plate
(Corning Costar, Corning NY, USA). Either buffer (5 μL), or inhibitor (5 μL) was added
to the ThT, followed by addition of Aβ42 (85 μL). The plate was placed in a Tecan
Infinite M1000 plate reader (Tecan, Morrisville, NC, USA). Fluorescence was monitored
at Ex/Em= 440/484 nm every 5 mins at 37 ºC with 15 secs shaking between readings.
Known inhibitors Morin193 and Phenol Red194 (5 μL, 2 mM - Anaspec, Fremont
CA, USA) were used as positive inhibitor controls and were added to ThT and Aβ42.
Various concentrations of NAA (Sigma-Aldrich, St Louis MO USA) were tested (5μL,
final concentrations: 1 μM, 10 μM, 100 μM, 1 mM, 10 mM, 15 mM, 100 mM).
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Background fluorescence readings from ThT controls (averaged from triplicate
wells) were subtracted from the readings of all wells. Duplicate wells for each condition
were completed for each separate experiment. Each fluorescence value was normalized to
the maximum fluorescence obtained when only Aβ42 was present and expressed in
percentage.
Undiluted samples (3 μL) were taken from the different conditions and time
points, placed on carbon grids and negatively stained using a 2% (w/v) uranyl acetate
solution. The grids were imaged using a Jeol-1010 transmission electron microscope
(75,000 – 120,000 X).

7.2.2

Aggregate Particle Size Determination by FCS and DLS

Peptide Synthesis and Labeling
Human Aβ42 was produced for size distribution experiments via solid phase peptide
synthesis on a Liberty Blue microwave-assisted synthesizer (CEM Corporation,
Matthews, NC) using a standard Fmoc-protection strategy. Before cleavage from resin, a
portion was treated with 5(6)-tetramethylrhodamine (TAMRA), leading to a fluorescently
labeled Aβ42 peptide with TAMRA appended at the N-terminus.195 Labeled and
unlabeled peptides were cleaved from the resin using trifluoroacetic acid and purified via
reverse-phase high-pressure liquid chromatography (HPLC). Before fibril formation,
peptides were monomerized by dissolving in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at
1 mg/ml, drying under a nitrogen stream, and placing under vacuum for 1 hour. Peptide
films were reconstituted in buffer at 50 μM to begin fibril formation.
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Fluorescence Correlation Spectroscopy
Aβ42 fibrils were prepared at a 1:10,000 molar ratio of TAMRA-labeled to unlabeled
peptide and incubated at 37ºC for 18 hours in buffer (50 mM Tris, pH = 7.2) with
periodic agitation.
The microscope used for the FCS measurements has been described in detail
elsewhere.196 Briefly, the excitation light source at 514 nm (~150 μW) was obtained from
an argon ion laser (Spectra-Physics, Mountain View, CA) focused into a microscope
objective (Nikon, 60x, NA 1.2, oil immersion), with the emission collected through the
same objective and separated by a dichroic mirror. A 100-µm pinhole was used to select
the confocal volume. Data collection was accomplished using avalanche photodiode
detectors (Perkin-Elmer, Vaudreuil, Canada) and a fast correlator card (National
Instruments, Austin, TX) which performed the autocorrelation of the intensity signal. The
confocal volume was calibrated using R6G (Molecular Probes), a dye with a known
diffusion constant. FCS traces were collected for 10 mins for each condition: before
incubation, after 18 hours, and after 18 hours incubation and 1 hour incubation following
the addition of 15 mM NAA. The resultant autocorrelation curves were fit using with a
3D diffusion model a maximum entropy method (MEM),26 using the computer program
MEMFCS version 1.0f written by Osman Bilsel (UMass Medical School).
Diffusing particles of identical size produce a FCS curve that is characterized by a single
diffusion time (𝜏𝐷 ) which is determined by the following equation:
𝜏𝐷 =
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𝑟02
4𝐷

(7.1)

where 𝑟0 is determined from the R6G calibration and is approximately 0.3 ± 0.02 μm for
our setup. On the other hand, samples containing diffusing particles of different sizes will
give rise to a FCS curve that requires multiple or a distribution of 𝜏𝐷 values to describe,
which can be done by the MEM analysis.
If the diffusing species are assumed to be spherical, the hydrodynamic radius (Rh) can be
calculated from the diffusion coefficient by the Stokes-Einstein relationship:196
𝐷 = 𝑘𝐵 𝑇/6𝜋𝜂𝑅ℎ

(7.2)

where kB is the Boltzmann constant, T is the absolute temperature, and 𝜂 is the viscosity
of the solvent. It is important to note that the reported hydrodynamic radii are not the
actual fibril and oligomer dimensions as the actual morphologies of the various species
may not conform to a spherical model. However, the distributions are still representative
of the relative amounts of fibrils and oligomers under the given conditions.

Dynamic Light Scattering
The analysis of size distribution in polydisperse systems such as A-β aggregates has been
accomplished using dynamic light scattering (DLS) experiments.197 Samples of synthetic
Aβ42 (WT, without TAMRA label) were prepared at 15 mM in cold buffer (50 mM Tris,
150 mM NaCl, pH = 7.2), sonicated for 5 mins and centrifuged at 10,000 rpm for 5 mins
at 4C to remove any precipitates. 50 μL were removed from the top of the centrifuge
tube and placed in a quartz cuvette and measurements were taken in a DyanaPro Nanostar
(Wyatt Technology) with the cuvette heater set at 37oC. The cuvette was gently agitated
every 10 mins. After 100 mins, 15 mM NAA was added. For all measurements, the
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collection software reports a fitting size distribution of the underlying diffusing particles
according to their percentage of the mass composition. This fit accounts for the larger
scattering signal of the larger aggregates.

7.3

Results

7.3.1

Fluorescence and Morphology Studies

In order to assess the ability of NAA to inhibit Aβ42 aggregation, we used ThT to detect
β-sheet formation.198 When ThT binds to β-sheets, a strong fluorescence signal is emitted
allowing for the kinetics of β-sheet formation to be monitored over time.199 Human Aβ42
was solubilized in buffer, incubated at 37oC, agitated every 5 mins and the ThT
fluorescence monitored. Untreated Aβ42 showed a characteristic increase in β-sheet
formation with a very short lag phase followed by a growth phase which plateau’s around
60 mins (Figure 7.1A). Known β-sheet inhibitors Phenol Red and Morin showed
characteristic inhibition of the growth phase reaching maximums of 37% and 45%
respectively.
NAA samples at various concentrations were added to Aβ42 at time 0 in order to
assess the inhibitory effects of aggregation / β-sheet formation (Figure 7.1B). NAA
concentrations of 1 μM to 1 mM had no effect on β-sheet formation, however
concentrations of 10 mM and above showed significant inhibition. Final ThT
fluorescence levels were 25%, 20% and 19% for 10 mM, 15 mM and 100 mM
respectively. NAA alone had no effect on ThT fluorescence (Figure 7.3).
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In order to assess if NAA has any effect on preformed β-sheets, NAA was added in at 25
mins (Figure 7.1C). This time point reflected approximately 75% of maximum ThT
fluorescence. ThT fluorescence intensity significantly decreased following addition of
NAA, reaching a final ThT fluorescence of 35%.
Samples of Aβ42 were analyzed using transmission electron microscopy (TEM)
in order to assess morphology of fibril formation with and without NAA addition (Figure
7.4). TEM images of untreated Aβ42 samples at time 0 were imaged and showed small
oligomeric sized aggregates (Figure 7.4A). Samples taken from untreated Aβ42 following
150 mins of incubation and agitation showed two distinct populations of aggregates, with
one consisting of long mature fibrils that tend to stick together and another with shorter
individual fibrils. The longer mature fibrils appear to have some helical twist as shown in
Figure 7.4B (red arrows). Samples with NAA added at time 0 showed predominantly
small aggregates with some small protofibrils (Figure 7.4C). Samples with NAA added at
time 25 mins showed predominantly small aggregates (Figure 7.4D).
The TEM images were analyzed for aggregate/protofibril/fibril diameter and length
(Figure 7.5). Untreated Aβ42 at 150 mins showed an increase in diameter with a
significant proportion of fibrils longer than 95 nm (lengths of >1000 nm were observed)
(Figure 7.5B). Following addition of NAA, aggregate diameter is reduced but the length
of the reduced protofibrils is longer when to that obtained at time 0 (Figure 7.5C).
Since NAA is a relatively strong acid, we examined if the effects observed may be due to
pH. We therefore either adjusted an untreated Aβ42 solution down to the pH of Aβ42 +
NAA or adjusted the pH of Aβ42 + NAA up to 7.4 (Figure 7.6). Adjusting the pH of
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Aβ42 + NAA up to 7.4 still results in inhibition of ThT fluorescence. Adjusting the pH of
Aβ42 down still resulted in β-sheet formation but the process was delayed compared to
that of the unadjusted pH. The effects of two different concentrations of glutamate had no
effect on ThT fluorescence.

7.3.2

Particle Size Distribution Analysis

A fluorescence probe 5(6)-tetramethylrhodamine (TAMRA) was introduced at the Nterminus of Aβ42 (hereafter referred to as Aβ42-TAMRA) for FCS studies in order to
further investigate and confirm NAA’s disruption effect toward amyloid β-sheet
formation. This methodology allows for the analysis of particle size distribution based on
the time each labeled particle takes to diffuse through a small confocal volume. ThT
fluorescence measurements confirmed that Aβ42-TAMRA peptides form β-sheets
(increases in ThT fluorescence – Figure 7.7) and fibrils (TEM imaging – Figure 7.8).
FCS curves were analyzed by the maximum entropy model (MEM) and the results are
shown Figure 7.9. The dashed lines represent the distributions of hydrodynamic radii of
the Aβ42-TAMRA samples at the outset of the experiment (Initial Condition) and after
18 hours of incubation at 37oC with periodic agitation. In separate experiments, both the
initial-condition and fibril samples were treated with Morin (100 µM) (Figure 7.9A) or
NAA (15 mM) (Figure 7.9B), resulting in markedly different size distributions. Most
notable is the addition of NAA added to pre-aggregated samples which resulting in a
single, broad peak with maximum abundance at a smaller hydrodynamic radius (Rh)
value as compared to those of the two distinct populations in the untreated fibril sample.
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Particle size distributions obtained from DLS measurements are presented in
Figure 7.10. Unlike the FCS experiments, these measurements were obtained with
unlabeled Aβ42 samples, and the resultant signal comes from the intensity of scattered
light from particles of various sizes. Due to the larger relative intensity of signals arising
from oligomer and fibril components, the results show a portion of large species even in
the initial condition (Figure 7.10A). After incubation and periodic agitation, fibril
formation has matured, resulting in the scattering signals being right shifted with the
larger peak representing bigger aggregates/fibrils (Figure 7.10B). Finally, after addition
of 15 mM NAA, the distribution closely resembles that observed at the initial condition,
with the majority of the contribution from small monomeric and oligomeric Aβ42 species
(Figure 7.10C).

7.4

Discussion

We show a new and potentially significant biological function of neuronal NAA, as a
surprisingly effective agent for inhibiting and even significantly reversing Aβ42
aggregation. Using several different but complementary techniques, we consistently
found that at physiological concentrations, NAA impairs Aβ42 aggregation and reduces
the fibril formation. These findings may have important implications for TBI and
neurodegenerative disorders, where persistent decreases in NAA concentrations are
commonly found to coincide with progressive Aβ pathogenesis.
The function of amyloid precursor protein (APP) is somewhat of a mystery, but is
believed to play a role in synapse formation and neural plasticity. Found in many brain
101

cells, it is most concentrated in synapses and axons.200 APP undergoes numerous posttranslational modifications, including what is considered pathological cleavage by - and
-secretases resulting in release of Aβ fragments 1-40 and 1-42, found in both acute and
long-term TBI and Alzheimer’s disease.190,201–203 These peptide fragments readily selfassemble into aggregates, with Aβ42 showing more rapid aggregation behavior204 and
greater toxicity.205 Aβ aggregation progresses from monomeric to oligomeric species
onto protofibril and mature fibrils.206 These Aβ species may go on to form extracellular
plaques,207 or interfere with synaptic transmission and memory function.208 Toxicity may
include changes in ion homeostasis209 and neuron death.210
A number of strategies to reduce aggregation burden have been attempted over
the years, none of which have proved to be clinically successful. These include
immunotherapy through immunization against Aβ42,211 reducing Aβ production through
beta secretase inhibitors,212 and small molecules,213–218 which have been shown to either
inhibit oligomerization or fibrillation or both, implying that they follow distinct
pathways.219 Despite these failures, there remains great interest in stopping or reversing
progression of Aβ pathologies, which are thought to precede and potentially promote
neurodegenerative changes, such as tau pathologies.220
Here, we examined the potential of physiological levels of NAA to modify Aβ
aggregation kinetics and progression to fibril formation using several well-established
techniques in the study of amyloid formation, i.e. ThT fluorescence, EM, DLS, and FCS.
The benzothiol dye, ThT has been used for decades to visualize and clinically diagnose
amyloid fibrils, with PiB-PET based on its derivative.221 ThT fluorescence increases
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significantly following binding to -sheets, which NMR has shown to start from the
protofibril stage,222 and has been used to both stain tissue and monitor real time selfassembly in vitro.223,224 While ThT renders a qualitative assessment of β-sheet formation,
both FCS and DLS allow for a more quantitative determination of the size distributions of
various aggregated species in solution.197,225 EM analysis allows for direct observation of
the physical morphology and characteristics of protofibrils and fibrils.
During in vitro self-assembly kinetic experiments, ThT fluorescence increase
typically follows a sigmoidal shape with an initial lag phase followed by a period of rapid
growth and finally reaching a plateau. We observed a very short if any, lag phase in our
results likely due to the presence of preformed aggregates (that we were unable to
sufficiently remove using centrifugation), which rapidly elongate. This fibril formation
was confirmed by long fibrils observed in EM images and the appearance of slowly
diffusing species in the FCS and DLS measurements. The FCS results correspond
qualitatively to those observed using DLS.
We show that adding NAA with concentrations 10 mM and above at the onset of
the experiment significantly inhibits β-sheet formation as measured using ThT
fluorescence. This inhibition on aggregation was not complete since the final ThT
fluorescence was above the baseline starting value. Evidence of this reduced beta sheet
formation can also be observed in EM images where the majority of Aβ42 are either
shorter protofibrils or in small oligomeric forms.
In order to investigate whether NAA could either inhibit further fibril formation
or breakdown already preformed protofibrils/fibrils, we allowed the aggregation to
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proceed for 25 mins before adding NAA. We observed that the intensity of ThT
fluorescence levels exhibits a significant decrease soon after NAA addition and
subsequently reaches a plateau that is slightly above the level observed when NAA was
added in the beginning of the aggregation process. This suggests that NAA may be either
breaking up already preformed fibrils, stabilizing protofibrils thereby inhibiting
elongation, or both. This is evident from the EM images where we observe mainly short
protofibrils, i.e. no mature fibrils. Similarly, there is a substantial shift of the FCS and
DLS peaks towards faster timescales following addition of NAA, showing significant
decreases in aggregate size. In particular, FCS shows complete elimination of the second
large diameter peak following NAA addition in comparison to Morin inhibition which
shifts both peaks to smaller Rh values.
While the current experiments cannot determine a molecular mechanism for the
observed inhibition of A aggregation by NAA, we propose a potential interaction
scheme (Figure 7.11). The residual ThT signal at the end of experiments involving NAA
suggests that small oligomeric and fibrillar species are likely stabilized by NAA,
preventing further organization into elongated fibrils; this hypothesis is also supported by
the EM, DLS, and FCS results. Because NAA has three carbonyl groups, it is reasonable
to consider that it could form several hydrogen bonds with the peptide backbone,
replacing backbone-backbone hydrogen bonds normally favoring the formation of sheets and leading to the elongation phase of fibrillation.
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7.5

Conclusions

These results may have implications for Aβ plaque formation in vivo. In pathological
circumstances such as severe TBI, a 20% reduction in NAA is consistently observed in
the white matter, measured with proton magnetic resonance spectroscopy.185,226–228
Notably, in the same population of patients, there is a rapid development of Aβ plaques,
identified post-mortem and in surgically excised tissue.191,229,230 NAA has also been
shown to decline as Alzheimer’s disease progresses,231 with NAA levels correlating with
both the severity of disease as assessed post-mortem232 and higher Aβ burden,
demonstrated with positron emission tomography studies.233
Alternatively, NAA may facilitate proteolysis of Aβ. Endogenous Aβ degrading
enzymes, such as neprilysin, reduce Aβ peptide concentrations in neuronal compartments
and can also be used by microglia to digest extracellular Aβ plaques. However, neprilysin
is most effective in degrading the least aggregated Aβ species, where the cleavage sites
are most readily accessed. Therefore, by inhibiting or reversing Aβ aggregation, NAA
may work synergistically with neprilysin towards more rapid Aβ proteolysis.
The current results support initiation of a new line of investigation to elucidate
potential mechanisms of NAA interactions with Aβ in the in vivo environment, where
these two molecules are naturally found in the same neuronal compartments. In addition
to the potential implications of endogenous NAA modulating amyloid pathogenesis and
disease progression, identification of these processes in vivo could reveal novel
therapeutic opportunities.
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Figure 7.1 Monitoring A42 aggregation using ThT at 37oC with agitation every 5 mins.
A) Aggregation of Aβ42 either untreated or treated with known inhibitors Morin and
Phenol Red. B) Aggregation of Aβ42 following addition of NAA at concentrations from
1uM to 100mM added at time 0. C) Aggregation of Aβ42 with 15 mM NAA added at 25
mins.
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Figure 7.2 Effect of NAA concentration on β-sheet formation / ThT fluorescence.
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Figure 7.3 Monitoring fluorescence with NAA alone using ThT at 37oC with agitation
every 5 mins.
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Figure 7.4 Representative TEM images of Aβ42 with or without NAA. A) Untreated
Aβ42 at time 0, B) untreated Aβ42 at 150 mins, C) Aβ42 + NAA added at time 0, and D)
Aβ42 with NAA added at 25 mins. Scale bars: 100 nm (Ai, Bii, Biii, Cii, Dii), 50 nm
(Aii, Bi, Ci, Di).
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Figure 7.5. Analysis of Aβ42 aggregate / fibril diameter and length measured from TEM
images with or without 15mM NAA. Aβ42 diameters (A, C, E) and lengths (B, D, F) at
0 mins (A, B), 150 mins (C, D) and 150 mins following addition of NAA (E, F).
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Figure 7.6 Aggregation of Aβ42 following adjustment for pH and addition of glutamate.
Aggregation was monitored using ThT and conditions were maintained at 37oC and
agitated every 5 mins.
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Figure 7.7 Confirmation of aggregation of synthesized Aβ42 with or without attachment
of N-terminal TAMRA using ThT fluorescence.
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Figure 7.8 Representative TEM images of synthetic Aβ42 showing fibril formation.
Synthetic Aβ42 at 0 mins (A) and 90 mins (B), and synthetic Aβ42 with N-terminal
attached TAMRA at 0 mins (C) and 90 mins (D).

114

+ Morin 100 μM

Figure 7.9 FCS distribution plots of hydrodynamic radii of Aβ42 from MEM fitting.
Aβ42 (50uM) peptides were treated with either Morin (100 μM) (A) or NAA (15 mM)
(B).
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Figure 7.10 Aβ42 particle size distributions measured using DLS. Aβ42 (50 μM) peptide
was measured initially (A) after 100 mins incubation (B) and after addition of 15 mM
NAA (C).
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Figure 7.11 Schematic of proposed NAA action on Aβ42 aggregation. A) Graphical
representation of Aβ42 aggregation/fibril formation either untreated or treated with NAA
at time 0 or 25 mins. B) Proposed mechanism of NAA interaction with Aβ42, with
several NAA replacing backbone-backbone hydrogen bonds. Green ribbons represent
Aβ42 β-pleated sheets; several NAA molecules are shown in red ball-and-stick models.
Adapted from PDB: 2BEG
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8

Summary and Future Directions
The interaction of light with biological molecules has long been used as a method

to investigate their structure, function, and dynamics. While intrinsic vibrational and
electronic signals arising from proteins and nucleic acids are useful for monitoring global
structure and interactions, the probing of local changes at certain sites within
biomolecules requires the development and implementation of site-specific probe
molecules. To this end, this thesis aims to develop and characterize spectroscopic
techniques to study site-specific environments inside biomolecules.
In Chapter 4, we explore a set of isotopomers of the vibrational probe pcyanophenylalaine. Varying, the reduced mass of an oscillator has seen wide use in
vibrational spectroscopy, but typically is meant only to change the absorption frequency.
In this study, we introduced an empirical relationship to better represent the frequency
distribution of these isotopomers and uncovered a nonmonotonic dependence of
vibrational lifetime on the reduced mass. Through a computational approach, we showed
that the varying vibrational relaxation dynamics are qualitatively explained by the density
of states in the spectral region of the nitrile oscillator. The extended vibrational lifetime
of the Phe-13C15N variant makes it an attractive probe for 2D IR studies of sidechain
rearrangements, for instance at the active site of enzymes. Furthermore, these probes,
being nonperturbative in structure and similar in absorption frequency, unlock the
possibility of labeling multiple locations in the same protein, allowing for several
simultaneous site-specific environmental probes and the ability to measure energy
transfer or coupling between distal sites.
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In Chapter 5, we reveal that the phenomenon of Fermi resonance in the probe
molecules 4-cyanoindole and cyclopentanone provides a metric of hydrogen bonding
status. While the occurrence of Fermi resonance is typically seen as a nuisance in
vibrational spectroscopy, we showed that the coupling strength of the nitrile and carbonyl
oscillators to overtone vibrations in in fact indicative of their involvement in hydrogen
bonding interactions with the solvent. In future studies, these probes could be introduced
into peptides or nucleic acid molecules, and their IR absorption spectra would provide a
relatively simple method of determining different solvation statues. Furthermore, it is
likely that other potential vibrational probe molecules exhibit Fermi resonance
interactions which may be sensitive to their local environment.
In Chapter 6, we explored the sensitivity of the NO stretching modes of N-methyl5-nitroindole to the local electric field using an IR solvent study and molecular dynamics
simulations. Since this unnatural base pair exhibits universal interactions in DNA and
RNA, it can be incorporated to probe the electric field in nucleic acids in different
conformations. Furthermore, if NM5I is introduced near the binding site of DNA-binding
proteins, it could be used to explore the alterations in local environment imposed by the
formation of a protein-DNA complex.
Finally, in Chapter 7 we explored the inhibitory activity of N-acetylaspartate
(NAA) on the fibril formation in amyloid-β 1-42 (Aβ) and the implications for traumatic
brain injury. While this molecule has long been known to exist at high concentrations in
neurons, its primary function has remained elusive. The elucidation of the particular
mechanism by which NAA blocks and reverses Aβ aggregation will be the subject of
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much future work. One possible avenue for such studies is the introduction of unnatural
amino acid probe Phe-CN at the F19 and F20 sites within Aβ, which have been proposed
as vital residues for the formation of β-sheet rich oligomers and fibrils. This could
provide a residue specific picture of the NAA interaction and help to delineate the
underlying mechanism. Also, it is worthwhile to explore related neurological molecules
such as N-acetylaspartylglutamate (NAAG) for their potential roles in the prevention of
Aβ aggregation.
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